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enses of Extremely Wide Angle for Airplane Mapping 


By Irvine C. Gardner and Francis E. Washer 


If the illumination of the image produced by a wide angle lens covering a field of 120 
degrees follows the cosine-fourt h-power law, the illumination at the edge of the field will be 
one-sixteenth that at the center in the absence of vignetting. By introducing negative 
distortion, the illumination may be expected to be more uniform from the center to the edge 
of the field. In particular, if there is no vignetting, and if the diaphragm prececes the lens, 
there will be uniform illumination, even for a field as great as 180 degrees, if the distortion 
is such that r’ =f sin B. where r’ is the distance from center of the field to a Ziven image 
point, 8 is the corresponding angular distance from the axis in the object space, and / is the 
focal length corresponding to the part of the image in the neighborhood of the axis. 

During the war Zeiss developed a mapping lens with a large amount of negative dis- 


tortion and a second rectifving system by which undistorted copies could be obtained from 


u 
: the distorted negative made with the camera lens. A German mapping lens and a rectifying 
» unit have been brought to this country, and detailed results of tests made at the National 
Bureau of Standards are given in this paper. The lens, termed the P!eon, covers a field of 
130 degrees, and the distortion closely follows the law r’=f 8, the distortion being somewhat 
less than that of the preceding formula. Measurements of the resolving power, of the 
effective size of the entrance pupil for different angular distances from the axis, and of the 
net distortion of the two systems are reported. In a final print there 1s significant residual 
distortion resulting from the failure of the distortions of the two systems to exactly annul 
each other 
I. Introduction the center is 0.25 in the absence of vignetting. Ac- 
ae ; tually, with so large a field angle, vignetting is 
In general, a distortion-free photographic lens inevitable and the ratio is probably further re- 
oon Ene en & plane surface oves which the duced to the value 0.12 or possibly even less. Ifa 
n ination conforms, at least approximately, to useful field of 120-degrees were achieved, the ratio 
cosine fourth-power law. According to this would be 0.06. before vignetting is considered. 
fe ryereneren e, 1" the eee eS ae Se This decrease in illumination from the center 
the field when there is no vignetting, is given by outward is a serious disadvantage when using 
ition black-and-white emulsion and makes the use of 
E— A, cos‘ 8. (1 color film, beeause of its more limited latitude, 
quite impossible. The illumination over the 
vere Lis the illumination at the axial point of field can be made uniform by using .a variable 
lield and 8 is the angle, measured in the density filter a short distance in front of the lens 
ce, between the axis and a chief ray and so designed that the illumination at the center 
sing through the object point conjugate to the of the field is reduced much more than that at the 
ze point under consideration. This law seri- edge. Such a method is undesirable because it 
isly | ets the extent of field that can be use- greatly reduces the effective speed of the lens and 
Biv e d by a wide angle lens. To illustrate makes longer exposures necessary. Slusareff ' 
Ms legree field (8—45-degrees) the ratio of has called attention to the approximate character 
4 tion at the edge of the field to that at G. Slusareff,J. Phys. USSR 4, 537 (1941): J. Opt. Soe. Am. 3, 707 (1946 
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of the cosine-four-power law and has cited a par- 
ticular lens, designed by M. Russinoff, for which 
the illumination varies as the third power of the 
cosine. In this lens the image is free from dis- 


tortion, and the desirable departure from the 


cosine-fourth-power law arises because the en- 
trance pupil, which is conjugate to a diaphragm 
within the lens, is larger for an oblique entering 


beam than for an axial entering beam. 


II. Wide-Angle Lenses With Negative 
Distortion 

It has been known for some time that a lens 
with a very large amount of negative distortion 
forms an image in which the illumination de- 
creases much less rapidly from the center outward 
than is indicated by the cosine-fourth-power law. 
This is readily because, for the 
peripheral parts of the field, the luminous flux 
proceeding from a given small object area, for the 


appreciated 


lens with negative distortion, is concentrated on a 
region much smaller in area than for a distortion- 
free lens of the same equivalent focal length with 
consequent increase in the illumination. Gardner? 
describes a photogrammetric method in’ which 
photographs are taken from an airplane with a 
wide angle lens by which large amounts of negative 
distortion are introduced and subsequently, by 
the use of a copying or projection lens, a final 
print is made that is free from distortion. Merte 
describes a wide-angle lens in which the first 
component is a negative meniscus. Distortion is 
not referred to in the patent, but computation 
shows that this lens does attain its wide coverage 
(180 degrees is claimed) by introducing large 
amounts of distortion. Richter,* in the patent 
which evidently applies to the Pleon lens, de- 
scribes two wide-angle systems, each of which 
consists of an achromatic negative meniscus 
system which introduces large amounts of dis- 
tortion and a following positive system, relatively 
free from distortion, which forms a real image in 
the plane of the photographic emulsion. At 
present no information is available concerning 
United States or German patents assigned to the 
firm of Carl Zeiss and applying to the rectifying 
system used with the Pleon lens. In the patent 
literature that has just been discussed, there are 


Irvine C. Gardner, U.S. Patent 2,087,017 (April 14, 1996 
W.Merte, U. 8. Patent 2,126,125 (Aug. 9, 1998 
‘RR. Richter, U.S. Patent 2,247,068 (June 24, 1041 
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several statements concerning the more unifor 
illumination over the field of view resul) ng fry 
the presence of large amounts of nega ive dc 


tortion. A quantitative statement of this of, 
has been given by Gardner? and it is shown th 


if the diaphragm is in front of a photographic |» 


and if there is no vignetting, the field wil] 


uniformly illuminated, even out to 180 degros 


provided that the distortion is such that 
r’ =f sin 8, 


where r’ is the radial distance from the cent 
the field to a given object point, 7 is the equiva 
focal length corresponding to the seale of imag 
in the neighborhood of the axis of the lens, ay 
For a 


is as defined for 1. distortion-free 


rf tan B, 


and it is evident that the linear distortion | 
responding to the angle 8 in the true fie! 
given by the equation 


linear distortion=f (sin 8—tan 8 


Applying eq 4 to a lens of 100-mm focal leng 
the distortions corresponding to values of 3 
45 and 60 degrees are 29 mm (1.14 in.) and S87) 
These illustra 


the extremely large values of distortion that 


(3.4 in.), respectively. values 
encountered when uniformity of image illun 
tion is secured by this means. 

The lenses of extremely wide angle that |i 
been referred to have the diaphragm within | 
lens system, and consequently eq 2 does not ap 
However, the method by which eq 2 was der 
can be applied to a lens system with an inte 
diaphragm. For such a lens system the rela! 
between distortion and uniformity of illuminat 
must be determined by a computation applic 
the design data of the lens under considera! 
and no general statement can be made. 


III. Wide-Angle Photographs With Lam: 
Amounts of Distortion 


With the large amounts of distortion that | 
been considered it is evident that the seale ol! 
photograph becomes rapidly smaller from | 
center outward, that straight lines not pas 
through the center become curved lines cone 
s Irvine C. Gat . 213 (1947) RPIS24 
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enter, and that the photographs can- 
Such 


wait 
ibled directly to form a mosaic. 


ot De 


s may, however, be used in a variety of 
the availability of photo- 


hotog 
Germany 

this character led to the chance dis- 

pilots of airplanes are not confused 
distortion if they are provided with 
hotographs on which their location in flight is 
ver the central portion of the picture. It was 
sid that the outer, more distorted portion of the 
cture served as a “‘finder’’, and that the smaller 
ale, with accompanying loss of detail at the edge 
f the picture, suggests the loss of detail due to haze 
na increased distance when far off objects are 


wwed trom a plane The extremely wide angle 


yaes, however, Were not developed to produce 


hotographs for the use of aviators, and it Is not 
nown how extensively the photographs were 
d for this purpose 
The large amount of radial distortion does not 
resent any obstacle to the use of the photographs, 
their original form, for mapping by means of 
tted templates or other methods of radial tri- 
vulation, although the large negative distortion 
d the smaller seale to which peripheral points 
recorded lessen the precision with which the 
lial angles can be constructed or the slots cut. 
ith the extremely large coverage of each photo- 
aph, it might be possible to orient a series of 
otographs with a minimum of ground control 
ints, after which a sufficient number of addi- 
nal points could be interpolated to serve as 
ntrol for the use of narrower angle distortion- 
‘photographs from which a final map can be 
nstructed. For such a procedure to succeed it 
nild probably be necessary to have a particu- 
rly favorable array of very conspicuous land- 
irks, easily identified from the air and ground, 
serve as control points. 
In general, however, when a lens of the type 
ler consideration, with large field and large 
vative distortion, has been developed, it has 
n the intention to develop an accompanying 
Wing or enlarging lens with a large amount of 
sitive distortion so that the original distorted 
ight be copied to produce an undis- 
nt. It has been mentioned that nega- 
tion tends to make the illumination 
vm from center to edge. By the same 
tive distortion acts to increase the 
tv of illumination beyond that  pre- 


ile Airplane Camera Lenses 


dicted by the cosine-fourth-power law, because 
the outer parts of the field, which in the natural 
course of events, would be more faintly illumi- 
nated than the center, illumination 
further decreased as a consequence of the greater 
For the copying lens, however, 


have the 


magnification. 
this unevenness of illumination is not so detri- 
mental as in the case of the airplane camera lens, 
because copying is a laboratory process with the 
source of illumination entirely under control, and 
the uniformity of illumination in the image can 
be compensated by illuminating the negative in 
an appropriate manner. 

One might envision the use of the copying lens 
of the preceding paragraph in a multiplex pro- 
jector and the direct production of a contour map 
from the distorted photograph. The unevenness 
of illumination introduced by the projection lens, 
however, would introduce difficulties more serious 
for the multiplex operation than for the production 
of enlargements, and it appears that they might 
On the other hand, the copy- 
ing lens, instead of producing an enlargement, 


be insurmountable. 


might be designed to produce a distortion-free 
diapositive of suitable scale to be used in a multi- 
plex projector. 


IV. Pleon Lens 
During World War II, Richter, of Zeiss, de- 


signed a camera lens and a rectifying lens of the 
type under consideration. They were designated, 
respectively, the Pleon lens and the Pleon rectifier. 
Samples of the lenses and drawings of the optical 
system were obtained by the intelligence groups 
Figure 1 is a 
from a Pleon 
lens tested. Figure 2 shows the optical system 
as specified (fig. 2 and table 2) in U. S. Patent 
2 247.068 (June 24, 1941). The first two ele- 
ments form the member A, which is an achroma- 
tized lens of the type sometimes referred to as a 


working in Germany after the war 


reproduction photograph of the 


The lens is designed to cover 
The extreme chief 


‘field compressor.”’ 
a full field of 130 degrees. 
rays entering the negative system and including 
after refraction, angle 
approximately 40.7 degrees. 
based on ray tracing applied to the design data 
given in the patent.) This smaller field is then 
imaged by the second member of the system at 


this angle, include an 


(These values are 


B, which is similar to the Metrogen lens in design. 


The diaphragm is at C, and )) represents a filter 
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Ficure 3. Relation between distance of image 


center of negative and angular displace ement of co 


ing object point from the axis for the Pleon lens 


Curve 1 shows results of measurements made on Pleor 
sponds respectively to equation r 8. Curves 2 and 

ely to equation r tan 8 applying to a distortion free 
equation r sin B 





which is an integral part of the lens. The i 


Figure 1. Pleon lens as mounted on a laboratory support plane is at &. To give an idea of the size of | 
for vesting. lens it may be noted that for a nominal 
Phe surface shown is the larze first surface of the field compressor and length of 72.5 mm, the over-all diameter of 
turned toward the t t ! imeter of this surfac is approximate! 


first negative component is 300 mm. and 
distance from the plane surface of this compo 
to the second surface of the filter )) is 180) 
In another method of considering this syst 


—_—_—.. 7 the negative member A and a_ portion of | 
A a ‘ eas » 
a 4 ™, positive power of the second member may 
- ~~  o ff assumed to constitute a Galilean teles 
NY s¥stem used backward, which produces an imi 
) 


at an infinite distance but much reduced in ange 
lar dimensions. The remaining power of 

second member is utilized to form a real im 
on the photographic emulsion of this intermedi 
reduced image. The measured equivalent [oe 





8 Ge , ; 
Cc $5 = om length of the camera lens, corresponding t 
D _——_., center of the field, is 72.1 mm. The radius of| 
negative, corresponding to «a half angle ol 
proximately 65 degrees, is 85 mm, and the 
distortion is —68.8 mm. In other words, 1! 
absence of distortion, the radius of the neg 
. aoe corresponding to 65 degrees and the given ! 
length would be 154 mm from eq 3. Thi 
Fiaure 2. Optical system of the Pleon lens. tortion is such that 
96 Journal of Resear!fipVide- 








r’ = ff (5) 






notation is the same as for eq 2 and 3. 
This tionship is illustrated by the graph of 
flout Curves corresponding to the relations, 
f sin 8 (see eq 2) are 


”» , 
see eq o and ; 


n in figure 3. The distortion, therefore, 


s great as that of eq 2, but no direct 


deduction eoneerning the illumination can be 
made because the diaphragm is not in front of the 
lens system, as was specified. in the example of 
section III Experience shows that the illumi- 

tion of the field is satisfactorily uniform. The 
from 82 
lines per millimeter at the axis to 18 and 29 for 


power is excellent, ranging 


tangential and radial lines, respectively, at 65 


— V. Pleon Rectifier 


lwo views of the Pleon rectifier are shown in 


wes 4 and 5. Figure 4 shows the instrument 


NN 





Pi 


on rectife 





sasses through the instrument near the center, the 


n the metal pockets on either side. The paper is held 


of the instrument by a vacuum back actuated by the 

n exhaust pump at the right The eyepiece, marked G, 
optical system for centering the negative rhe knob, 

to position for viewing the collimation marks on the 
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Ficgure 5. Pleon rectifie 
rhe top of the instrument is swung to the left to expe he I \ 
plate by which the negative filn held flat during the operation of printir 
rhe sensitive paper is held flat by the vacuum plate swung out of the instru 
ment in position for loading lhe two small doors near the bottom are for 
the insertion of paddles for dodging the print to compensate for differe: 
llumination of the terra it the time the exposure was made 


closed in position for making the rectified print. 
The film to be printed passes through the instru- 
ment near the center, the rolls of film resting in 
the metal pockets on either side. The paper is 
held flat near the bottom of the instrument by 
a vacuum back actuated by the small motor- 
driven exhaust pump at the right. The over-all 
height of the instrument is approximately 4‘) feet. 
Figure 5 shows the instrument open at the top 
to expose the glass pressure plate that holds the 
negative film flat and with the vacuum plate 
swung out to permit loading the instrument 
with a sheet of sensitive paper. 

Figure 6 shows the optical system of the Pleon 
rectifier. 
a mercury are of the pressure type, familiar in this 


The lamp, shown at A, was apparently 


country, with the mereury vapor contained in a 
capsule of fused-quartz. The lamp of the rectifier 
received from Germany was broken, and a du- 
plicate was not obtainable. The rectifying system 
is not corrected chromatically, a filter, apparently 
of cobalt glass, forming a part of the system. The 
group of parts marked B comprises this filter and a 
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Figure 6. Optical system of the Pleon rectifier. 


condensing system. At Cis the stage on which the 
negative to be copied is placed and also a variable 
density filter for compensating the otherwise 
uneven illumination of the image. This filter also 
failed to arrive from Germany, and an approxi- 
mate filter was produced by placing a photographic 
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plate at C' and exposing it by light tra: smir, 
backward through the optical system ‘rom £ 
The rectified image is produced in the plone at p 
by the projection system marked J). This part, 
the optical system contains one detail no! clegy) 
recognizable from figure 2. Lens F appears to }, 
double convex. Actually, however, the surfy, 
nearer / is coated with black opaque paint exe»: 
for an area on the axis not greater than | my } 
diameter. This area, which is the limiting dj. 
phragm of the system, is concave, the radius 
curvature being approximately equal to that of: 
first surface of component F. The over-all Jeng 
of the system, from the mercury capsule of +) 
lamp to plane £, is approximately 110 em. — Figyy 
4 shows the complete rectifier. With the dic 
tortion changing so rapidly from the center | 
ward, it is evident that the axial point of the neg 
tive must be carefully alined with the axis of ; 
rectifying system if the resulting print is to | 
distortion free or even radially symmetrical. 7 
facilitate this adjustment an auviliary opti 
system, not shown in figure 6, is provid 
Immediately below stage C there are four prisis 
by which the images, on the negative, of the f 
camera collimation markers can be simultaneous 
viewed and brought into coincidence with inde 
in the rectifier. In figure 4, @ is the evepi 
through which the markers are viewed and // is 
knob for throwing the prisms out of the field a!» 
the adjustment has been completed. The vac 
plate that holds the paper flat is shown at | 
Openings, covered by doors, shown on figure’ 
are also provided for inserting a paddle over ' 
printing paper for dodging to compensate for nor 
uniform illumination of the terrain at the t 
that the exposure was made. 


VI. Measurements on Pleon Lens and the 


Rectifier 


The conjugate distances for the rectifying | 
were so adjusted that there was a reduction on 
axis of 1:0.82. Consequently, the seale of | 
rectified print corresponds to an equivalent 
length of 59.1 mm. The resulting circular p! 
for an angle of 65 degrees, if accurately freed !! 
distortion, would have a radius of 126.8 2 
For a point at the edge of the field (8=65 degree 
the magnification incidental to the rectification * 
4.58 diameters. If the magnification on the & 
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the magnification at the edge would be 
5.59 ters. The resolving power of the cam- 
was measured at 5-degree intervals. 
The all resolving power of the camera lens and 
the rectifving system was obtained by computa- 

i, the assumption being that the rectifying lens 
wded faithfully all detail in the original nega- 
tive (he final resolving power for any angle 
measured in the object space) therefore, is equal 
to the resolving power of the Pleon lens divided by 
the magnifving power of the rectifier for the same 
object ray. On the basis of such computation, 
the resolving power on the final print is 100 lines 
per millimeter on the axis, and for 65 degrees it is 
{and 6 lines, respectively, for tangential and radial 

In figure 7 the linear distortions are plotted for 
the camera lens, the rectifving unit, and the com- 
nation of the two systems. The values of the 
distortion for the camera lens have been multiplied 
by 0.82, corresponding to the axial reduction intro- 
before 


rectifying system being 


This having been done, the 


duced by the 
plotted on figure 7. 
distortion for the complete process corresponding 
to any angular distance from the axis is found by 
adding the ordinates corresponding to the lens 


nd reetifier. It will be noticed that there is a net 




















negative distortion of —4.34 mm at the edge of 
resulting print after rectification. This is 
60 T 
40 al 
g / 
z < P — 
: wee 
z . = ie 
z 
, el a 
- ! | 
S 30 45 60 75 
ANGULAR SEPARATION FROM AXIS (DEGREES) 
} t : Linear distoration of camera lens, rectifying 


system and final rectified prent. 


shows the linear distortion of the camera lens, multiplied 
The dashed 
The full-line 


siding the corresponding ordinates of the first two curves, 


the vaiues to the scale of the rectified print 


linear distortion of the rectifying system 


listortion in the final print 
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much too great for photogrammetric purposes. 
However, this result should be accepted with con- 
siderable caution because there is a possibility 
that camera lens and rectifier were designed to be 
selectively paired for use, and the two instru- 
ments received for test have not had the advantage 
of such pairing. Nevertheless, certain general 
considerations stand out. The camera lens has a 
negative distortion of --68.8 mm at the edge of 
the field. When the distortion is so large, it is to 
be expected that not only third order but many 


If the 


rectifier is to accomplish its purpose in a satis- 


higher orders of distortion are present. 


factory manner it must introduce the same orders 
of distortion in such magnitudes that each order 
of distortion in the negative is very closely com- 
pensated by a term of the same order in the recti- 
fier. With camera lens and rectifier system so 
different in design, it is hardly to be expected that 
complete compensation for all orders can be 
secured. 

The camera lens 2801326, 


maximum 


tested was No. 
nominal focal length 72.5 mm, and 
It bore the Zeiss imprint and 


The rectifier was 


aperture ratio 1:8. 
was definitely a Zeiss product. 
No. 200701 and bore the manufacturer’s code 


designation “rin.”’ Ordinarily, Zeiss products, 
during the war, were marked with the code 


“ble,” but one of the German scientists now in 
this country affirms that the rectifier was manu- 
factured by Zeiss, despite the code “sie.” 


1. Focal Lengths 


The equivalent focal length and back focal 
length were found to be 72.13 and 74.78 mm, 
respectively. This value of the equivalent focal 


length was obtained from the approximate relation 


f=d cot 5 degrees, where f is the focal length, d 


is the distance separating fiducial marks in the 
images on the negative of targets that are located 
at 0 and 5 degrees from the lens axis in the object 
space. These values of the focal length have been 
selected to give best average definition across the 
entire negative and do not necessarily correspond 
to those values of the focal length that give best 
definition on the axis. The probable errors of 


these determinations do not exceed +0.10 mm. 
2. Distortion of Pleon Lens and the Rectifier 


The values of the distortion listed in table 1 
are measured in millimeters and indicate the dis- 
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placement of the image from its distortion-free 
A positive value indicates a displace- 
The probable 
+ 0.02 


mm for the range 0 to 45 degrees; beyond this 


position. 
ment from the center of the plate. 
errors for the Pleon lens data do not exceed 


range the probable error increases rapidly and 
may be as high as +0.20 mm at 65 degrees. 
The probable errors for the projector lens do not 
exceed +0.03 mm for the range 0 to 45 degrees; 
beyond this range the probable error increases 
rapidly and may be as high as +1.00 mm at 65 
degrees. 


Taste l. Distortion of the Pleon lens, rectifier, and final 


print Jrom rectifier 


Contributions to distortion in 


Distance final print 


Angular from Distortion 
separation center of in Pleon 
from the the Pleon lens 


> » 
ixi lens neva- negative Pleon lens Projection Net dis- 


lens (con- 
vdjusted cet tortion 


1.41 
47 
4.19 

i858 


tim 


The distortion of the Pleon lens was determined 
in the usual manner with the aid of the precision 
lens-testing camera,® with the exception that a 
second setting of the camera bench was necessary 
to measure the region from 45 to 70 degrees. For 
the projector lens, a halftone screen with accurately 
measured spacings was used as target, a deep-blue 
filter (tricolor C 
exposure made with a moving lamp instead of the 
illuminator supplied with the projector. (This 
method was necessary because the special bulb 


was placed over the target, and 


required for the projector was not available.) 
The exposure was made on a Panatomic-X plate. 
Correspondence of the angular values reported for 
both lenses was accomplished by a series of inter- 
polations, with the distance from the center of the 


__ 


*1. C. Gardner and_F. A. Case, J. Research NBS 98, 449 (1937) RPos4 
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master negative made on the precision lentes; 
Che py 
mary purpose in effecting this correspondence y 
to permit the distortion of the lens and the yp. 


camera serving as the connecting link. 


jector to be evaluated at the same point on 
Thus the 


values can be used in evaluating the performa, 


negative made with the Pleon lens. 


of the combination, as is done in the last coly 
of table 1. 


3. Resolving Power of the Pleon Lens and + 


Rectifier 


The values of the resolving power, show 
table 2, 
center of the field, and, for the Pleon lens 
obtained by photographing test charts cémpris 
of patterns of lines. The 
patterns of the test charts are imaged on | 


are given at 5-degree intervals from 


parallel series 
negative with the lines spaced 10, 15, 20, 29 
58, 81, 116, and 163 lines per millimeter 
values marked “tangential” give the numl» 
lines per millimeter in the image on the nega 
of the finest pattern of the test chart that 
distinctively resolved into separare lines w! 
the lines lie perpendicular to the radius dr 
from the center of the field. The row ma 
“radial” gives similar values for the patter 
test lines lying parallel to the radius.  Beeays 
of the unusual distortion characteristics of | 
lens, the above series of resolving power values 
valid only on the axis of the lens. Therefor 
order to avoid error, line spacings were meas 
in each image on the negative, and the values 
resolving power computed from these meas 
ments. 

The value of the resolving power of the pro 
tion lens was not measured, but the resol 
power in a final print has been computed o1 
assumption that the projection lens reproduces 
detail present in the original negative. Refer 
to table 2 shows that the distance from thy 
to the image of a point at the angular dista! 
from the axis is closely proportional to 8. In’ 
final image, if the distortion is eliminated, th 
responding distance is proportional to tan 3. T! 
fore, the instantaneous value of the magnifica! 
introduced by the projection lens, correspol 
to any value 6 is 1/1.223 cos* 8, where 1.225 ' 
reciprocal of the axial magnification introduce 
the projection lens. It is, therefore, evident 
the formula 
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where 
corres 
of the 
that 1 
lens 

powel 
hegatl 
reduct 
tions 
the de 
possib 
the re 
meter, 
prints 


4. 


In t 
given 
an ide 
As be 
Viewes 
obliqu 
of the: 


] 
aionyg 


the basis of first order imagery, is equal to cos 8 
for the case of the ideal lens having no vignetting 
Appreciable vignetting exists in the Pleon lens as 
the measured value of Ag/Ao is smaller for it than 
for the ideal lens However, for values of 8530 
degrees, the loss of light by vignetting is much 
less for the Pleon lens than for the Topogon-type 


Re solving power tn lines per millimeter 


lens. 


TABLE 3. Vignetling 0) the Pleon lens 


angules Relative area of diaphragm stop 
se para- 
tion 

from the 


axis ee Ph 


Resolving power 1.223r cos*B, 


is the resolving power of the Pleon lens 
orresponding to the value £, is the resolv ing power 
of the combination of lens and projector, assuming Figure 8 reproduces a photograph, reduced ap- 
that no loss of detail is caused by the projection proximately 40 percent, as made with the Pleon 
lens. It is, therefore, the maximum resolving lens by AAF personnel at Wright Field. At the 
power obtainable in the final projected print of a peripheral parts of the lens, the full possibilities 
ative made with the Pleon lens, neglecting are not realized because of haze. It is obviously 


ductions that may result from aperture limita- desirable to have ideal atmospheric conditions, 
tions. In view of aperture limitation discussed in and possibly to use infrared plates, if the full 130- 
thre leseription of component F in figure 2, it is degree field is to be achieved. 

Figure 9 reproduces a rectified print reduced to 


possible that the maximum resolving power for 
This probably 


the rectifier may not exceed 20 lines per milli- the same percentage as figure 8. 
which is, however, still adequate for good does not represent the best possible print, because 

of the haze effect in the original negative and also 

because, as has been mentioned, the lamp and 

Etfect of Vignetting for the Pleon Lens variable density filter designed to be used with the 


tuble 3, the vignetting of the Pleon lens is rectifier were not available 


together with the comparable quantities for 
eal lens and for a Topogon-type lens. Let 
the projected area of the stop opening as The rectified print (fig. 9) was made by Walter 
irom the object space at the angular R. Darling, of the National Bureau of Standards, 
tv 8; and let Ay be the corresponding are: and he is to be commended for the resourcefulness 
top opening as viewed from the object space and ingenuity that he showed in obtaining so 
lens axis. Then the ratio As/Ao, on good a print with an incomplete rectifier 
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WWide-Angle Airplane Camera Lenses 





Ficure 8. Photograph from negative exposed in airplane camera with Pleon lens 
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Figure 9. Rectified copy of photograph shown in figure &. 


not represent the best obtainable results, because the rectifier, when received in this country, was imperfect, the lamp being broken and 


the variable density filter missing. Figures 8 and 9 have been reduced in the same proportion from the original prints, 


INGTON, September 9, 1947. 
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Effect of Annealing and Other Heat Treatments on the 
pH Response of the Glass Electrode 
By Donald Hubbard and Gerald F. Rynders 


The effect of annealing and other heat treatments on the pH response of electrodes 
prepared from Corning 015 glass has been studied and a comparison made with the accom- 
panying changes in hygroscopicity of the glass. New, unleached electrodes continued to 
give the correct pH response after being annealed near the critical temperature as indicated 
by the expansion curve for Corning 015 glass. Electrodes that were leached in 0.1 NV HCl 
at 80° C lost much of their pH function when given identical heat treatments. The pH 
response of a typical glass electrode, held 10 minutes at 500° C after being leached in 0.1 
V HCI for 6 hours at 80° C, was reduced from 59 millivolts per pH (the theoretical value at 
25° C) to 22 millivolts per pH. <A few seconds in hydrofluoric acid solution restored the pH 
function of these ‘“‘dead’’ electrodes, showing that the inhibiting effect was confined to the 
outer surface of the electrode bulbs. Evidence obtained by the interferometer indicated 
that the thickness of this inhibiting layer was less than 5.8 10-* centimeter. Hygroscopicity 


determinations made on leached samples of the powdered glass showed that the ‘“‘sorption”’ 


power was greatly reduced by heat treatment, whereas for unleached specimens this property 
was much less affected. From the evidence obtained it seems reasonable to interpret the 
loss in pH function shown by glass electrodes on heat treatment as being due to the formation 
of a thin nonhygroscopic silica-rich layer. The resulting electrodes behaved in a manner 


similar to electrodes prepared from glasses of low hygroscopicity. 


I. Introduction gen electrode function may disappear completely 
[8]. 


Considerable confusion exists concerning the -_ , ad . 
- ; ; aaa The present investigation was undertaken in 
lect of annealing (release of strain within the d ; 
order to obtain a clearer understanding of the 
ass) on the pH response of the glass electrode. a. 
r) ; effect of annealing and other heat treatments on 
lis confusion has been further increased by non- ; : 
. "ih . the pH response of the glass electrode, with par- 
mventional usage of the term annealing. For ; ; , 

ticular attention being given to the accompanying 
ample heat treatment of a glass electrode at , ‘ wt . ° 
» alteration in hygroscopicity of the glass. 


(°C should not properly be classified as anneal- 
ig, as essentially no release of strain within the 


II. Experimental Procedure 
ass is brought about until much higher temper- 


itulres are attained, [1, 2, 3, 4, 5, 6]' such as the The pH response was determined by comparing 
cal temperature, CT, indicated by the ex- the experimental electrodes against a well-condi- 
ansion curve, figure 2. Nevertheless, heat treat- tioned glass electrode as the reference electrode 
nent of an electrode for 15 to 20 hours at 120° C — and _ measuring the voltage with a Beckman pH 
‘ reported to cause a reduction in pH response meter, model G. The experimental electrodes 
(is variable and very slow in disappearing [7]. were blown as thin walled bulbs [9] of Corning 015 
Also, if the electrode is subjected to prolonged or glass (72% SiO», 22% Na,O, and 6% CaO) [10] 
vated heating at high temperatures, the hydro- on the end of soft glass tubing and the bulb 


%e eee filled with mercury for the inner connection [11] 
neicate the literature ferences at the « ™ A bs 
Unless otherwise stated, the electrodes were con- 
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ditioned for at least 1 hour in distilled water. 
The emf values obtained in Britton-Robinson uni- 
versal buffer mixture [12] of pH 1.9 were taken 
as the zero voltage departure? and the data of 
the investigation confined to a pH range over 
which the glass electrode is known to give reliable 
readings. 

For the purpose of rapid aging, some electrodes 
were leached in 0.1 N HCl at 80.0°+0.2° C ina 
Follow- 
ing a heat treatment, the electrodes were condi- 
tioned again for | hour in distilled water before use. 

All heat treating was done in a small electrically 


constant-temperature bath for 6 hours. 


heated muffle furnace whose temperatures were 
measured to an accuracy of +10°C. The anneal- 
ing sehedule consisted of holding the electrodes for 
10 minutes at or a few degrees above the critical 
temperature of Corning 015 glass, cooling slowly to 
400° C and then more rapidly to room tempera- 
ture. 

The hvgroscopicity data were obtained from the 
weight of moisture “sorbed” [14, 15] by powdered 
sumples (approximately 1.5 g) of the glass that 
This 


powder was exposed to the high relative humidity 


passed a Tyler standard 150 mesh sieve. 


(approximately 98%) maintained by a saturated 
solution of CaSO,.2H.O, thermostated at 25° C. 
The results are reported in terms of grams of water 
sorbed per cubie centimeter of glass, calqulated as 


follows: 


weight of water sorbed < density of glass 
weight of sample 


III. Results and Discussion 
1. Effect of Annealing 


To ascertain what effect true annealing (release of 
strain) has on the behavior of the glass electrode, 
12 electrodes of Corning 015 glass were prepared 
for study and their uniformity of pH responses 
determined after 1-hour conditioning in distilled 
water. Nine of them showed no departure from 
the theoretical value over the range pH 1.9 to 
pH 9.2, and none of the remaining three exhibited 
a departure greater than 3 mv over this range 
(curve A, fig. 1). Two of these electrodes were 
heated above the critical temperature (500° C) 


Theoretically, the potential difference between the hydrogen electrode 
and the experimental glass electrode in a hypothetical solution, normal with 
respect to hydrogen ions, should have been used as the zero potential [13] 
This would have involved experimental difficulties that would add little or 
nothing to the present data except to displace the departure curves along the 
pH axis. 
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Figure | Effect of annealing on the hydrogen 


function of the glass electrode. 

1, Composite curve of voltage departure for glass electrodes 
preparation; (2) unleached and annealed at 500° and 550°C 
ind.1 N HCI at 80°C; (4) after treatment of “dead” electrodes wit! 
fluoric acid. F, Voltage departures of five electrodes after being 
0.1 N HCI for 6 hours at 80° © and then annealed below 550° ( 
but below the deforming temperature (550 
indicated by the expansion curve for Corning | 
glass, curve B of figure 2,° obtained by the inv 
ferometer procedure [4, 17]. 

After holding for 10 minutes,’ the tempera' 
of the muffle was allowed to fall slowly to 400 | 
(curve A, fig. 2), followed by a more rapid cool: 
temperature. These two 
upon being soaked for 1 hour in distilled wa! 


to room electrodes 


showed no voltage departures (errors) ove 
range pH 1.9 to pH 9.2 and continued to coi 
with curve <A, figure 1. To emphasize the 


‘The expansion curve for this specimen of Corning 015 glass ex! 
less pronounced critical region than is showa by many other class 

‘ As the electrodes were very thin, the time for temperature 
to be attained throughout the specimen was very short. How 
ing period of 10 minutes was adopted for the sake of uniformity o! pr 
and also as it was a period sufficiently short to avoid devitrific 

The initial emf readings of unleached electrodes at pH 1.9 v 

before and after annealing and other heat tretament, but the pil 
my per pH, remained unaffected 
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A. Quenched 











500 #600 


Thermal expansion curve of Corning 0145 glass, 


Expansion data taken by J. B. Saunders 


results further, one of the electrodes was reheated 
‘, and held 
or 3 hours before cooling slowly through the 
The bulb was badly deformed 


failure of 


» the deforming temperature, 550° (¢ 


inealing range 


vy this treatment, but showed no 
lectrode function. 
These data indicate that neither annealing nor 


ugh temperatures have any pronounced effect, 


| oltage de pai fures (errors 


of 5 glass electrodes afte r leaching inO.IN HCl, 6 hr at 80 


either beneficial or detrimental, on the perform- 
ance of virgin glass electrodes. 

Five of the electrodes from the series were 
leached 6 hours in 0.1 N HC! at 80° C. These 
electrodes, at the end of the leaching period, still 
gave pH 
figure 1. 


with curve <A, 
Upon being heated near 550° C and 
cooled according to the previous annealing sched- 


responses coinciding 


ule, these electrodes lost much of their electrode 
function (table 1, curves B, fig. 1) and behaved 
similarly to electrodes prepared from a glass of 
low hygroscopicity [18, 19]. The values for volt- 
age departure plotted in these curves are those 
shown by the electrodes after 72 hours condition- 
ing in distilled water. These results indicate the 
permanency as well as the magnitude of the 
inhibiting effect brought about by annealing after 
leaching. 

Immersing these “dead’’ electrodes for a few 
seconds in hydrofluoric acid (1:1) restored their 
electrode function immediately, and their voltage 
departure values once again coincided with curve 
A of figure 1. 
of electrode function was confined to a very thin 
layer on the outer surface of the electrode bulb. 
If the swelling, 0.2 interference fringe [20], shown 
by Corning 015 glass for the period of time that 
the electrodes were leached in 0.1 N HCl is taken 
as an indicator of the maximum possible thickness 
of the inactivating layer, it can be no greater than 
5.8x10~° em, calculated from the formula: 


These results showed that the loss 


fringe displacement X wave 
length of He light 
9 


Thickness= 


co followe d in turn by 


annealing at 550° C and stripping with HF 


Electrode 2 


0 
0 
0 


2 } p.' 0 


Effect of Heat Treatment at Temperatures Other 
Than the Annealing Range 


Another series of glass electrodes was prepared 
rpose of confirming the findings in the 


ection and extending the investigation 


itment of the Glass Electrode 


4s———__2 


Departure, millivoits 


Electrode Electrode 4 Flectrode 5 


to temperatures other than the annealing region. 
Three electrodes from this series were heated to 
550° C, annealed by the previous schedule, and 
then tested for voltage departure after 1 hour of 
soaking in distilled water. As in the previous case, 
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Departure, re livolss 











Ficure 3. Effect of heat treatment on the hydrogen electrode 
function of glass electrodes leached in 0.1 N HC, 6 hours 
at 80° C. 


there was no voltage departure brought about by 


the annealing (curve A, fig. 3). The remaining 
electrodes were leached for 6 hours at 80° C in 0.1 
N HCl. Three of these, when heated to 550° C 
and cooled slowly through the annealing region, 
lost much of their hydrogen electrode function, 
which they regained immediately upon treatment 
with hydrofluoric acid. It is of passing interest 
to note that much of the pH response was restored 
to these “dead” electrodes by the application of 
HF to the smallest possible area. 

These electrodes, annealed as in the earlier 
series, served not only to confirm the previous 
results but also acted as the control experiments 
for the present series. 

Five of the leached electrodes were then heat- 
treated as a series in temperature steps of 100° C 
over the range from 100° to 500° C, inclusive. 
The data from table 2 plotted in figure 3 show the 
voitage-departure curves resulting from these heat 
treatments. The effect of the heat treatment at 
100° C was not sufficiently permanent or steady 
to make satisfactory readings possible. However, 
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for the other temperatures the effect had not dx 
appeared after the electrodes had stood for 
month in distilled water. The voltage depart 
remaining after 1 month’s soaking in distill 
water for the electrode treated successively y 
200° C, table 3, is shown as a broken lin 

figure 3. 

TABLE 2. Voltage departures (errors) of a@ series of gly 


electrodes after leaching in 0.1 N HCl, 6 hr, at & 
followed by heat treatments at various temperatures 


Voltage departure after heat treatment at 


Room 
temper- 
ature 


100° C 


* Satisfactory readings not possible 


TABLE 3. Voltage departures (errors) of a leached 


' . ‘ PIGURI 
electrode showing the effect of successive reheating to 2 


hydr. 
pe 
Voltage departures after reheating to 200° ( 
Fifth reading 
First Second Third Fourth 
reading reading reading reading 


1 hr 1 me 


» Continuous soaking in distilled water at room temperature 


When the values of voltage departure 
plotted against temperature of heat treatmer 
from table 2 or figure 3, the resulting curves 
4) present a sharp increase in effect on the ee 
trode function beyond 400° C. This can 
readily rationalized with the critical temperatw 
and annealing region indicated by the expan 
curves of figure 2. It shows that the electm 
function is destroyed much more strongly by hie’ 
ing near the critical temperature. If the pr 
cedure adopted in earlier publications [16 
of plotting the pH response as millivolts per pi 
in acid buffers is followed, the extent to which 
electrode function of the glass has been a:ver! 
affected by heat treatment is apparent at « gl! 
(table 4 and fig. 5). 
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Heat treatment, “C 


RE 4 Effect of the temperature of heat treatment on the 


hydrogen electrode function of glass electrodes at constant 


/ 


ies 


response of unleached and leached glass 


tL i pH 


electrodes after heat treatment at various temperatures 


pH response values for the leached electrodes were calculated from the 


oltage-departare-data for pH 1.9 and pH 4.2 given in table 2] 


PH response 
Heat treatment 
Unleached Leached 
mo pH 
At) 
53 
BO. : 
43. 


~» 0 


mo/pH 


3. Effect of Heat Treatment on the Hygroscopicity 
of the Glass 


Voltage anomalies (errors) of glass electrodes 
e normally associated with the hygroscopicity 
6, 19], and changes in the chemical durability 
In the present in- 
mn, as all pH measurements have been 


20) of the electrode glass. 


to a pH range over which little or no 
parture can be accredited to durability 
he glass, it seems reasonable to expect 
hanges in hydrogen electrode function 


eat Treatment of the Glass Electrode 








PH response, mv per prt 





1ti tity 


300 400 500 600 
Heat treatment, °C 


Effect of heat treatment on the pH response of 








FiGuRE 5. 
glass electrodes. 
A, Unleached; BR, leached in 0.1 N HC1 for 6 hours at 80°C. (Values calcu 


lated from the data in table 2, fig. 3 for pH 1.9 and pH 4.2 





i 
8 
; 
y 
° 
: 
2 








3 
Hours exposure 


Figure 6. 
on the hydroscopi ity of unleached powdered Corning O15 


Effect of heat treatment at various te m peratures 


glass. 


caused by the various heat treatments of the 


electrodes might be associated with changes in 


hygroscopicity. Table 5 and figure 6 illustrate 
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fashion, the reduction in hydrogen c\eety) 
function of glass electrodes given similor tpoy, 
ment. (Compare figs. 3, 5, and 7.) 


the effect of heat treatment on the quantity of 
water sorbed by unleached powdered samples of 
Corning 015 glass. The effect of temperature up 
to 400° C was small with the sequence of curves 
































for 200° C and 300° C being in a reverse order. ™ ry * | © Oh 8 Re 
The curve for 500° C, although displaced from the be 
group, still indicates a glass of high hygrosco- 
picity. These results correlate well with the fact ows” 
that the annealing had little effect on the hydrogen s / vohetct 
electrode function of virgin glass electrodes. 
300 }— | 
! ABI 
Taste 5. Hygroscopicity of unleached powdered Corning a hy 
015 glass after various heat treatments t J | OL 
= : 6 == P | 
Water sorbed for exposures of $ 
Heat treatment - = ? J 
lhr 2hr 6 br ® P 
— — » 200}— ff aa 
mg/cm mg/cm! mgm 3 
Room temperature 1) 103 334 8 
200° C 49 rr) 320 Ro 
sor 4s wn 326, RY nT) 
morc a us 31s $ we 
Soo 41 4 276 0) 
The displacement of the hygroscopicity curve N 
for 500° C probably is not due entirely to a change h 
in hygroscopicity of the glass, but largely due to a 
reduction of exposed surface from sintering at the Fig 
high temperature. This sintering at 500° C was f me 
very evident at the time the sample was removed each 
from the annealing furnace. However, this dis- rlass. 
placement indicated for 500° C was small in com- Swe apenwe by th 
parison with the effect of identical heat treatment Ficure 7. Effect of heat treatment at various tempera ybtail 
on powdered samples that had been leached before > ry Paes om | of samples of a O15 9 naint 
. i. - . . ached in 0.1 N HC1, 6 hours at 80° C, . 
heat treatment (table 6 and fig. 7). In this series, — F re eachi 
the powdered glass had been leached with 200 ~ ably 
, > T T Tv \ cme 6 T T T . : 
ml of 0.1 N HCI for 6 hours at 80° C, then washed, re | Rd post ef nore | 
° - _ + . . 2 ' ™) Sa 
and dried at 110° C before heat treatment. The 8 S38 aX he s 
esults showed ni ' —_ Y 607-— 2 Me luri 
results showed a conspicuous lowering of the . re 8 Irins 
hvygroscopicity that paralleled, in a remarkable , 3 8 + ‘ham! 
g SS) a “ 
” , ; > 5a— > ~" 
TasBie 6. Hygroscopicity of leached powdered Corning 015 1S Tae \BLI 
glass after various heat treatments ¥ - + } 
Samples leached in 200 ml of 0.1 N HCI, 6 hr at 80° C 3 oe / 7 ‘ 
© - / 4 
Water sorbed for exposures of — t AS) / 
psanhateeshanpetnianeeenaiaeapnsegttesantnsntini Q 30— = 
Heat treatment g 
lhr 2hr 6 br . a 
io ’ sididitatiasiallees 
a | oe | oe 
mg/cm * mg/cm * mg/cm 2 “4 
Room temperature * 5Y 126 334 /00 200 300 " Ro 
200° © 77 12% Is2 Water sarbed, ng per em Ro 
300° © 6A 1M 163 ’ : oe nas 
wo? C 65 84 17 Figure 8. Comparison of pH response of hea wn 
500° ¢ 49 71 82 leached and unleached glass electrodes with ‘he ' 100°C 
scopicity of the glass after similar treatments. - 
* Unleached specimen included as comparison control O. Unleached; +, leached 
" ' 
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all view of the effect of heat treatment 
ion t | response of glass electrodes and the ac- 
ng effect on the hygroscopicity of the 


com 
las- ven in table 7 and figure 8. It empha- 
- that the pH res se of the heat- 
Li zes ngly that the pH response of the hea 
treate eetrodes is dependent on the accompany 
hve picity of the glass surface as affected 
by leaching and not on the temperature of treat- 
ment me 
lat 7 Effect of heat treatment on the pH response and 
icity of leached and unleached samples of Corning 
pH response Water sorbed 
k - hed Leached Unleached Leached 
ne pil me/pil mgicn mgicm 
a) 50 34 su2 
( 5Y 53. 4 20) e 182 
. ) 4) SOF i" 
AY 3.4 s1s 117 
) 2.0 276 s2 
ible 4 
\ ib] 


Figure 7 showed that in most cases the sorption 
if moisture during the first hour of exposure by the 
eached powder was more rapid than for the fresh 
lass. This property is more strongly emphasized 
by the data presented in table 8 and figure 9. In 
btaining these data, additional HC] was added to 
naintain the solution acid during the period of 
Jeaching. The behavior of the powder was notice- 
ably different, with an increase in volume and 
more rapid rate of settiing. The marked increase in 
the sorption of moisture by this treated glass 
luring the early hours of exposure in the humidity 
hamber compared with the fresh glass sample, is 


Tat s Huygroscopicity of leached samples of Corning 015 
glass after various heat treatments 
ution was maintained acid by repeated additions of HC] 
Water sorbed after exposures 0 
lea i I 
1 hr 2 hr 6 hr 
r n ng cm n n 
whed #1 140 0) 
el t 131 24 41s 
108 16 274 
. 10 170 57 
Y AA l 222 
TT 74 1a 14s 
7 
eat !eatment of the Glass Electrode 
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FiGuRE 9. Effect of heat treatment at various te m peratures 


on the hud ascopicuy of leached powdered Corning OLls 


glass. 


Che acid solution that normally becomes alkaline was maintained acid by 
repeated additions of HC] 


undoubtedly the result of the difference in the 
chemical and physical nature of the surfaces pre- 
the 
becoming a decided factor. 


sented, desiccating property of silica gel 


IV. Summary 
New 


annealing 
annealing anc 


unleached glass electrodes were given 


heat treatments without 
reducing their pH function, whereas electrodes 


other 


leached in hydrochloric acid lost much of their pH 
identical This 
reduction in pH response brought about by heat 


response upon heat treatment. 


treatment was found to be accompanied by a 
By 


treating these ‘‘dead”’ electrodes with hydrofluoric 


reduction in the hygroscopicity of the glass 
acid, it was possible to restore their hydrogen 


111 











electrode function and to show that the inhibiting 
effect was confined to a thin layer on the outer 
surface of the electrode bulbs. An estimate of 
5.8 107° em as the maximum thickness of these 
inhibiting films was made by means of the inter- 
ferometer. 
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Infrared Radiation From a Bunsen Flame' 
By Earle K. Plyler 


The infrared emission spectrum of the flame of a Bunsen burner has been measured 


with prisms of LiF, NaCl, and KBr. 
7 


resolved into two bands, 2.5 and 2. 


In the region of 2. 


pw, and a series of 15 lines from 2.8 to 3.1 u. 


‘ 


uw, the emission band has been 


These 


emission lines are separated by about 22 em! and fall in the spectral region where the rota- 


tional-vibrational band of OH should occur 
small for the changes in the energy levels of the OH molecule. 


well with the calculated value for certain rotational states of the H,O molecule. 


The spacing between lines, however, is too 


This separation agrees very 


The long 


wavelength band at 15 w has been observed in both CO burned in the air and the Bunsen 


burner flame. 


original observations of Rubens and Aschkinass. 
grating instrument, and their frequencies check well with known energy transitions. 
region from 12 to 24 uw has been measured with a KBr prism for the Bunsen flame. 


a large number of the pure rotational lines of water vapor. 


The present detection of this band represents the first confirmation of the 


Several bands have been observed with a 
The 
It contains 


In addition to the H,O lines, there 


are two strong bands, 14 and 15 uw, which are produced by COs. 


I. Introduction 


Many observers have studied the infrared emis- 


sion of a Bunsen flame [1!.2 The strongest band 


} occurs at about 4.4 uw and is produced by carbon 


a 


<9 


See 


¥ 


— 


dioxide. Other bands have been found at 0.95, 
1.45, 2.0, and 2.8 yw, and are attributed to carbon 
Very little radiation 


has been observed in the region beyond 7 u. 


dioxide and water vapor. 

In the visible and ultraviolet regions of the 
spectrum, considerable progress has been made in 
the study of flames |2!. By the use of instruments 
and by with 


photographic plates that average out the fluctua- 


‘ 


with good resolution detecting 
ions of the flame, many band systems have been 
identified. The band systems include such atomic 
groups as OH, CN, NO, CH, and NH. 

The question may be asked why the spectra of 
such groups have not been observed in the infrared 
region. The probable reason is that sufficiently 
high resolution has not been applied in the infrared 
region to separate properly the spectra of the 
different Also, slight fluctuations in the 
flames make it difficult to obtain accurate meas- 


groups. 


abject matter of this paper was presented at the Cincinnati 
Optical Society of America on October 23 to 25, 1947 
brackets indicate the literature references at the end of this 
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with radiometric detectors. An ad- 
vantage in the study of the infrared spectra of 
flames is that a large percentage of the energy 
emitted by the flame falls in this region. The 
present study is mainly confined to the flame of 
the Bunsen burner. Both natural and mixed 


manufactured-natural gases were used. 
II. Experimental Method and Results 
A Perkin-Elmer 


used in the measurement of the spectra, with 
prisms of LiF, NaCl and KBr for the different 
A Bunsen burner with 


urements 


infrared spectrometer was 


regions of the spectrum. 
a steady flame was substituted for the globar 
source. Observations were made on the flame in 


the region of the cone, about two thirds of the 


distance from the bottom of the cone. Although 
the flame appeared steady, there was some 


variation in the total radiation that may have 

been produced by small fluctuations in the gas 
. 5S 

pressure. In many cases, a region was observed 


five or six times, and an average curve calculated 


from the various observations. The spectra 
shown have been averaged. As a rule, a single 


How- 
unless it 
For this 


trial would not yield such a smooth curve. 
band included 
be redetermined several times. 


ever, no emission was 


could 
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reason, there may be more structure in the bands 
than is actually shown. 

Figure | shows the energy curve for the Bunsen 
burner as obtained with a NaCl prism in the 
region from 1 The 
observed with slits 60 uw wide, and the slits were 
100 uw wide for the upper curve from 1.5 to 4.0 u. 
In the region from 1 to 1.5 u,200-u slits were neces- 
to the In the region of 


to 5 uw. lowest curve was 


sary observe bands. 
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Fiat rh 1 Infrared emission of a Bunse n flame measured 


with a NaC] prism 


The upper curve Was measured with wider slits than the lower 


4.25 uw, there is a drop in the energy 
duced by the absorption of the carbon di oxid 
the air. The strong band at 4.39 u is s 


irregular at the point of greatest energy 


Hewhy 
nd ¢ 
be observed better under higher resolutio: 

The region from 1.7 to 3.6 uw has been o!| 
under higher resolution by the use of a Lil 
The in figure 2. 17 
used were 60 u wide. 

These results were obtained with natural » 


results are shown 


containing about 88 percent of methane. 1 
small bands in the region of 1.8 to 2 uw are prody 
by water vapor and CO,. The band at 2.49, 
probably due to water vapor, and the bands 
the region of 2.7 uw are attributed to CO,. 1 
fine structure in the region from 2.8 to 3.1 gn 
be produced by H.O. This fine structure extey 
over to the 2.7-u region, but because of the abso 
tion of water Vapor in the air and the ban 
2.79 uw in the LiF prism, it could not be obser 
with sufficient accuracy to be included Hi 
drawn thru the 
A small b; 


is proba! 


a smooth curve was obset 


points in the 2.7- to 2.8-u region. 


9» 99 


observed in the region of 3.32 u 


This band is of low intens 


produced by CH. 
and it is not possible to determine whethe 
arises from CH, CH,, CH, or CH, 
by about 12 em™~' from the position of the meth 


It is rem 


absorption band. 
In figure 3 is shown the emission band in 


region of 4.36 4. The solid line" gives the act 
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The reversal of the CO, absorption 

air causes the low energy in the region 
d428 u. The easily recognized doublet 
CO, can be identified. The broken line 
; indicates the amount of energy that 
present if the CO, in the air did not 
ny of the radiation emitted by the flame. 
ections to the observed curve were aver- 
mm six observations of the absorption of 
this region. As the flame changes the 
of CO, in the air, it was found necessary 


amoul 


to take a reading of the radiation of the flame 
and, immediately afterward at the same wave- 
Jength, a reading of the radiation from the globar 
our’ This method of measurement was carried 
out at frequent settings of the wavelength drum, 
and the resultant curve was obtained. Barker [3] 
has obtained a curve of this type by the use of 
, grating spectrometer. The value of the maxi- 
num energy was found by Barker to be 4.37 u. 
The absorption by the flame of radiation in the 
revion from 4.0 to 4.8 uw is small. The flame of 
the Bunsen burner was placed in the path of the 
adiation from the globar source, but in a posi- 
tion where its flame was not in focus and hence 
its radiation could produce very little effect on 
Mhe detector, At 4.36 yw where the maximum 
mission of CQ, occurs, the globar radiation was 
Beduced very little, and no appreciable absorption 
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The 4 36-n emission band of a Bunsen-burner 


flame. 


¢ represents the probable form of the energy curve after 


ns for absorption of C Og in the air 
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Fiaure 4. Infrared emission of a Bunsen flame in region 


6.085 p measured with a NaCl prism. 


due to the flame was found in any part of this 
spectral region. 

In figure 4 is shown the emission spectrum from 
6 to 8.5 uw. The energy is low in this region so 
that slits of 300 uw were used. This band is some- 
what distorted and is part of the bending vibration 


of H,O. 


occurs at 6.26 ux. 


In absorption this water-vapor band 
Some lines of the rotational- 
vibrational band stand out clearly in the region 
of 7.5 and 8 ug. 
be studied in detail because of the overlapping of 
the strong CO, band. 
with a NaCl prism. 

of structure could be observed by the use of a 


The region from 5 to 6 u could not 


This band was measured 
No doubt, a greater detail 


CaF, prism or a grating. 

Rubens and Aschkinass [4] in their study of the 
emission of water vapor, were able to find both 
branches of this vibrational-rotational band, 
because they did not have the tremendous over- 
lapping of the CO, emission band. In the emis- 
sion curve that they obtained from the Bunsen 
burner they were able to obtain only the long 
wavelength portion of the band, as is shown in 
figure 4 of the present paper. 
was not of sufficient resolution to observe the indi- 


Their instrument 
vidual rotational lines. However, their work was 
remarkably accurate and the bands check well in 
intensity with the results obtained in the present 
study. 

In figure 5 the rotational lines of water vapor 
have been observed from 8.5 to 14.5 uw with a 
NaCl prism and slits of 0.45-mm width. The 
energy is very small in this region, and from 9 
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Ficure 5. Infrared emission of a Bunsen flame in region 


9 to 14 w measured with a KBr prism. 


to 11 w it falls to a minimum. This is the part 
of the spectrum where water vapor has the least 
absorption, and is also that part of the spectrum 
where the pure rotational lines of H,O begin to 
The energy increases from 11.5 to 13.5 
The decrease 


appear. 
yn and then starts to decrease again. 
in energy is caused by the absorption of CO, in 
ihe air and the absorption of the prism. In ad- 
dition to the water-vapor lines in this region, there 
is a possibility that the two difference bands, 
vy—2v, and »y;—v, are present in low intensities. 
These bands occur in absorption at 9.40 and 10.41 g. 
There are two distinct maxima observed in this 
region, but whether they are produced by H,O or 
CO, has not been determined because both sub- 
stances are present in the Bunsen-burner flame. 
This question can be answered when spectra of 
burning hydrogen and burning CO are measured 
separately in this region. That the decrease in 
energy is caused by the CO, and the absorption of 
the prism is clearly demonstrated when this region 
is studied with a KBr prism. 

In figure 6 is shown the energy curve from 12 
to 24 u. From 12 to 19.5 wthe slits were 0.5 mm 
in width; from 19.5 to 21.5 yw, 0.7 mm; and 21.5 
to 24 wu, 1.0 mm. In contrast with the measure- 
ments with the NaCl prism, which does not give 
large deflections for this part of the spectrum, the 
energy observed with the KBr prism increases from 
12 to 15 u. The broken line curve at about 15 u 
in figure 6 is a measure of the energy after correc- 
tions have been made for the absorption of CQ, in 
the air. The absorption of CO, in the air was meas- 
ured with the same slit width used in the emission 
measurements, and then corrections to the observed 

The maximum of radiation 
This emission band is no doubt 


curve were made. 


occurs at 15.0 wu. 
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one of the long wavelength CO, bendins yj), 
In the region from 13 to 17 yg, there * 
considerable number of lines of wat Vapor 
which overlap the CO, emission. However 4 
two intense peaks at 13.9 and 15.0 uw are prody 

by CQy. 

In 1944 an unpublished study was made by y 
author at the University of Michigan on the em. 
sion of burning CO, using a grating spectrom 
with a KBr foreprism. The CO was generg), 
by two different methods. In one case a furny 
was used that had a tube in the center filled wy 
charcoal. Oxygen was passed slowly through }| 
heated tube, and the CO was burned at the 
of the tube. In the second the CO we 
generated by dropping formic acid onto heay 
The radiation of the burning (\ 


tions. 


case 


sulfuric acid. 
was measured, and in each instance, two peal 
were found—one at 14.0 wand the other at 15.0, 
As a further proof that the observed bands we 
produced by CQ,, the charcoal was removed fro: 
the tube and CQO, gas was passed slowly throw 
the heated tube. Under these conditions, ¢! 
radiation in the 15-y region was also detected 
The results obtained with the grating instrume 
are shown in figure 7. The slits of the spectro 
eter were 1 mm wide and a 1,200 line per i 
grating with an area of 108 in.? was used in ¢| 
spectrometer. The energy of the thermocou 
was amplified by a Moll thermal relay, and | 
deflections of a high sensitivity galvanometer 
read on a scale at a distance of 3 meters from | 
galvanometer. Very low levels of radiant ener 
could be detected with this system, but even s 
wide slits were necessary in order to detect the 
bands. In addition to the bands shown in figw 
7, there are probably several other smaller 
ma in this region that were not detected 
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Figure 6. Infrared emission of a Bunsen flame v 
12 to 24 w measured with a KBr prism 

The broken line represents the probable form of the enersg 
applying corrections for absorption of CO, in the air, 
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7. Infrared emission of a CO flame burning in air 
red with a grating spectrometer after applying cor- 


ms for absorption of CO: in the air. 


curve represents the probable emission curve after 
corrections to the deflections were made by taking 
into consideration the absorption of the CO, in 
the air 

Rubens and Aschkinass [4] in 1898 observed a 
Shand at 14.1 uw, but later observers were not able 
to find any band in this region. The intensities 
obtained by Rubens and Aschkinass for the bands 
of the Bunsen burner flame are in good agreement 
with results of this study. 
emission spectra to 23 4 with a KCl prism and 
found a definite peak in the region 13 to 14 uy, al- 
though their resolution was not great enough to 


They measured the 


show that this region contained many emission 
Bbands and lines. Their success in finding the band 
was due to the use of the KCI prism. 

Garner and Johnson [5] in 1927 tried to observe 
Bthis band but were not able to detect any energy 
They stated that, if the band was 
me-fiftieth as strong as the 4.4-u band, it could be 
ybserved, 


~ this bat 


ai this region. 


The reasons for the low intensity of 
ul are discussed in section IIL. 

The emission spectrum of the Bunsen burner 
from 6.5 to 24 w has a large number of water vapor 
ised by rotation of the H,O molecules. 
bt these lines continue beyond 24 u. The 
emission lines are not quite at the same 

in wavelength as the absorption lines. 
re are many other lines that fall between 
shown in figure 6, but, because of the low 
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resolution, they could not be observed in sufficient 
detail for measurement. 


III. Discussion of Results 


The infrared-absorption spectrum of CQ, has 
been classified by Adel and Dennison [6], and, by 
means of their equations and certain observed 
bands, it is possible to calculate the frequency 
corresponding to the various quantum states. 
The notation followed in this discussion to desig- 
nate the different types of vibration of CO, and 
H,O is that used by Herzberg [7] in the classifica- 
tion of these molecules. For example, the », 
band, which is the asymmetrical vibration along 
the line of centers, for the quantum change from 
0 to 1 gives rise to a band at 4.25 w. For the 
quantum changes 1 to 2, the band falls at 4.30 yu, 
for 2 to 3 at 4.34 yw, and for 3 to 4 at 4.38 uw. In 
emission the quantum numbers change from large 
to small, but the energy changes are the same 
between the two states for absorption or emission. 
It is not possible to observe distinct bands cor- 
responding to the different quantum jumps in the 
4- to 5-u region, as there is considerable over- 
lapping of the various states. Also the quantum 
states of the other vibrations vary and produce a 
slight shift in the bands. The temperature 
measured from the inner cone to the outer surface 
of the flame varies considerably. 

In addition, there is a change in the intensities 
of rotational lines as the temperature is increased. 
With all these effects on the energy emitted, it 
would be difficult to give a good approximation 
of the relative number of molecules represented 
The radiation of this band can be 
observed to about 5.0 uw, and this indicates that 
there is a considerable number of molecules in the 
The two 
bands, observed at 2.69 and 2.72 wu, arise from the 


in each state. 


higher rotational and vibrational states. 


combinations v3+»,, and vy+2v,. In absorption, 
three bands occur that arise from the combina- 
tions v3+ 42, 2v.-+v, +73, and 2»,+ 3, whose wave- 
lengths are 2.05, 2.01, and 1.96 yw, respectively. 
All three bands are of the doublet type and do 
not have the strong zero branch that would make 
it possible to separate them. These three bands 


probably produce the one maximum that is 
observed at 1.95 u 

In the 15-y region, the various states give rise to 
Therefore, 


the separate bands produced by different quantum 


absorption bands with a zero branch. 
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jumps are discernible. For example, the band at 
13.88 uw is produced by the change (10°0) to the 
(O1'O), that is »,—v. 


band with such a high relative intensity indicates 


The appearance of this 


that the energy of the inactive frequency », is 
transferred to the » level, where it can be radiated. 
The possibility of a transfer of the energy from one 
of the higher states of the inactive frequency to a 
state of an active frequency has been suggested by 
Gaydon |S]. 

The strong maximum shown in figure 7 probably 
arises from the transitions (0270) to (01'0) and 
(O1'0) to (00°0). Also the transitions (03'0) to 
(0270) at 15.46 uw, (02°0) to (O1'O) at 16.18 uw, and 
(03'0) to (0270) at 16.75 uw, should appear in this 
region. There is some indication of these bands in 
the observations made with the grating spectrom- 
eter, but this region should be restudied to def- 
initely establish the presence of these transitions. 

The intensity of the bands of CO, in emission is 
different from the intensity in absorption. The 
probability coefficients of the population of states 
are well known and vary as the third power of the 
frequency in emission, although in absorption 
these coefficients are independent of frequency. 
That is, two absorption bands of equal intensity 
and having frequencies of 1,000 em~' and 2,000 
em~', respectively, would have an intensity ratio 
of 1 to 8 in emission. Shaefer and Phillips [9] 
state that the 5-u band is about 28 times as 


» 
strong as the 2.75-u band in the absorption spee- 
trum of COs. 
about 4 to 1 for the emitted energy of these two 
bands. However, when the factor (3700/2300)° 
is multiplied by 4, a value close to 17 is obtained. 
It is difficult to make accurate intensity measure- 
ments, and the values given above are rough or 
approximate figures. The check is_ sufficiently 
close to suggest that the same type of excitation is 


4 
7 
I 


n the Bunsen flame the ratio is 


present in each band, and that it is not necessary 
to assume a chemical reaction rather than thermal 
excitation. However, the approximations made 
in this calculation are not accurate and the possi- 
bility of a combination of thermal and other excita- 
tions cannot be ruled out 

When the long wavelength band at 665 cm™! is 
considered, there is a large decrease in the energy 
emitted because of the dependence on the third 
power of the frequency. The ratio of intensities 
in absorption must be multiplied by (2300/665) 
to obtain the ratio of intensities in emission. This 
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gives a value of approximately 120 to 1 for th, 
tensity ratio of the 4.36-~ band to 15.0 u hyp, 
For a more accurate determination other fae 
would have to be taken in consideration. by 
the intensity measurements are not very accura 
small correction terms would not be significa 
The value of 120 to 1 for the ratio of intensitir 
these bands probably explains why Garner y 
Johnson [5] did not observe this band as 4), 
stated that an intensity ratio of only 50 to | 
necessary for detection. It should be emphasi 
that in calculating these intensities only rough 
proximations have been used, and a much » 
refined mathematical treatment, taking into « 
sideration the various energy states involved 
well as other factors, is necessary before an 
curate value can be arrived at. However, s 
estimates are valuable in predicting the ord 
magnitude to be expected in the intensity meas 
ments. 

In figure 6 the deflection as shown in the bro! 
curve is the amount of energy emitted 
making the correction for absorption of CO, in| 
air. This deflection is about equal to thy 
flection 4.36-un band. Af 
taking into consideration the different dispers 
of the NaCl and KBr prisms, and the differ 
slit widths used in the two regions, the ratio of 


obtained in the 


observed energies in emission for the two bands s 


found to be roughly 100 to 1. This is appr 
mately the same value as found in the calcula! 
intensity ratio for emission. This suggests | 
possibility that this band is excited by the sa 
mechanism as the 4.36-u band. However, becaw 
of the roughness of the approximations, this 
culation cannot be taken as proof of the natu 
the energy. 

Gaydon [8] calculated the radiative life, or | 
of transition, from one state to another from 
served absorption measurements and found | 
for the v. vibration this 


second, and that » has a time of transitio! 


value is about 


about 0.2 second. 
tion life of V2, he concludes that most of the e 

of the 14.97- band is lost by collisions and 

not enter into the radiation process. Cay 
further states that the failure to observe this b 
is proof that the emission is produced by chen 
rather than thermal causes. If the excitatio! 
thermal, the band should be present and hav 
intensity in accordance with theoretical cal 
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ise the population of the excited states 
increased and decreased by about the 
That thermal 
could be the means of the energy radia- 


uint in thermal exchanges. 


wen shown in the discussion of the ratio 
served intensities of the »v. and the pv, 
s. Gaydon has a very complete and 
i discussion in his book in regard to the 
ion process and the influence of H,O and 


ibstances on the energy emitted by the 


The emission spectrum of water vapor consists 
{ vibrational-rotational bands and pure rotational 
lines. The two OH vibrations in the water vapor 
nolecule give rise to bands at 2.66 and 2.74 in 
sbsorption. In figure 2 the water band is well 
eparated from the 2.7-¢ region and has its maxi- 
mum energy at 2.49 uw. There is an additional 
maximum on the short wavelength side of this 
band, but it is not well resolved. The change in 
requeney of the H.O molecule in emission as 


ompared to the corresponding frequency in 
absorption may be brought about by the molecule 


Randall, 


mDennison, Ginsburg, and Weber [10] have shown 


wing in the higher rotational states. 


in accounting for the rotational lines in the ab- 
orption spectrum of water vapor that, for the 
higher energy states, there is a change in the angle 
They state that the bond 
ingle ot the molecule changes from its equilibrium 
alue of 104°36’ to 98°52’, and the OH distance 
hanges from 0.9558 to 0.9640 A when J=11. 
Therefore, if the molecule at the temperature of 


f the water molecule. 


mission is in the higher rotational states, it would 
ot have the same spread between the maxima 
nthe P and R branches as observed in absorption. 
‘he combination band v3; +», is observed at 1.81 x. 
‘his band corresponds to the band at 1.89 M in 
bbsorption. 

It is not possible to identify the exact location 
Mf the 6.26-u band, but it is shifted to about 6.35 xu. 


», a Value of 1508 em™! 


) ° 
»\ subtracting v, from ve-+p 
about 6.63 « is obtained, which corresponds ap- 


roximately to the observed value. The 6.26-u 


bsorption band of H,O has a greater intensity 
han tl 


2.66-u band. However, in emission the 
band is more intense than the 6.35-u band. 
ige In intensity ratio between absorption 
sion is explained by the third power of 
that enters into the probability coeffi- 
mission. This effect has been discussed 
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in connection with the intensities of the CO, emis- 
sion bands and will not be repeated for the H,O 
bands. 

There are several small bands of CO, and H,O 
in the region below 1.8 u, but they have not been 
studied in detail and no attempt has been made 
to classify them. In figure 5 it is seen that the 
rotational-vibrational band of water vapor be- 
comes very weak in the spectral region of 9 uw. In 
this region it is difficult to classify a line as part 
of the rotational-vibrational band or as a pure 
rotational line. The lines increase in intensity 
from 9 to 15 uw. The resolution is good with a 
NaCl prism at 12 and 13 uw, and much more detail 
of the lines can be seen than with a KBr prism. 
However, beyond 14 uw the KBr prism is more 
suitable. Some of the stronger emission lines have 
been compared with the absorption lines for the 
same spectral region, and it is found that the lines 
in emission do not appear at the same frequency 
as the absorption lines. This variation in fre- 
quency is probably caused by the emission lines 
being produced by transitions when the molecule 
occupies higher states, and the absorption lines 
being produced by lower energy transitions. 
These emission lines should be measured on a 
grating instrument. Then it may be possible to 
classify properly the emission lines, as has been 
done for rotational lines in absorption. 

In figure 2 there are shown 15 rotational lines 
in the region between 2.8 and 3.2 «. Some lines 
are also present below 2.8 u, but because of the 
absorption of the water vapor in the air and the 
CO, emission band, the lines below 2.8 « could 
The fifteen lines 


With 


higher resolution the band might show additional 


not be measured accurately. 
observed are spaced about 22 em~! apart. 


fine structure. These rotational lines, because 
of the large frequency spacing, evidently involve 
hydrogen. The OH band for many substances 
has been observed in the region of 2.8 uw. The 
moment of inertia of the OH group is such that a 
spacing somewhat different than that observed 
in these lines would be expected, The observed 
spacing of these rotational lines corresponds more 
H.O 
molecule when the quantum changes are Ak=0 
and Aj 1. These lines 
changes from 7=10 to j7=24. In the flame of 


much 


clsely to the spacing calculated for the 
correspond to the 


burning hydrogen these lines are more 


intense, and several additional lines have been 
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observed. These data will be presented in a 
subsequent article. 

A small emission band has been observed in the 
region of 3.32 yu. This band is about 12 
em™' less in frequency than the methane band. 
The intensity of the band is very low. The 
region of maximum energy has the appearance of 
a zero branch. As this is the part of the infrared 
spectrum, where characteristic vibrations of CH 
are found in absorption, this band is classified as 
being produced by the CH bond. As no rota- 
tional structure has been observed, it is not possi- 
ble to distinguish between CH, CH,, CHs,, or 


CH,, and this band may arise from any one of 


these atomic groups. . 
Because of the strong emission of the CO, band 


in the region of 4.64 yw, no radiation that could be 
attributed to CO would be discerned unless it 
was of considerable intensity. As no bulge was 
any that the CO 
radiates in this region must be of low intensity. 


observed, energy molecule 
In the region of 2.3 yu, the flame is almost void of 
radiation, hence a low-intensity band due to the 
harmonic of CO could have been detected if it 
occurred. This leads to the conclusion that CO 
contributes very little to the total emission of the 
Bunsen burner 

The absence of a band in the region of 2.2 yu 
indicates that there is not a first harmonic of the 
vy vibration of CO,. This is in agreement with 
the selection rules that apply to absorption. 


IV. Conclusion 


In this work the infrared emission of a Bunsen 
flame has been measured from 1.8 to 24 uw and 
good resolution, obtained by a LiF prism, has 
been employed for the study of the region from 


1.8 to 3.6 wu. Many bands have been 
that have not been reported previously 


SOlYy 
V Other 
observers. 
red radiation with higher resolution than thy 
used in this work would result in showing no. 
detail that would be of great value in the for 

lation of a theory of combustion. This would aj 
allow the more accurate calculation of the ener 
states. In addition to the need for better res 

tion, well-regulated sources should be used ; 
that the various gases and the oxygen or air ny 
be varied in known amounts. 
eter or one in which the air about it is free fp 
CO, and water vapor would allow more accury 
measurements in several regions of the spect: 
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erforated Cover Plates for Steel Columns; Compressive 
Properties of Plates Having Ovaloid, Elliptical, 
and “Square” Perforations 


By Ambrose H. Stang and Bernard S. Jaffe 


Tests were made to determine the mechanical properties of perforated cover plates in- 
tended to be used as a substitute for lattice bars or batten plates in built-up box-type col- 
umns. These tests supplement and extend the range of perforation shapes beyond that 
described in preceding reports. 

This paper gives the results for seven plates having perforations of ovaloid shape, six 
with the long axis parallel to the load, and one with the short axis parallel to the load; three 
plates having elliptical perforations with the major axis parallel to the load; two plates 
having square perforations with rounded corners for one of which the load was parallel to the 
side of the square, and for the other of which the load was parallel to a diagonal. A column 
having a solid plate was also tested for comparison with the columns having perforated 
plates 

Tests were made to determine the stiffness of the perforated plate columns relative to 
that of the column having a solid plate, the distribution of stress on the edge of the perfora- 


tion, and the strength of each column. 


I. Introduction included to cover a wider range for this ratio. 
Plates having elliptical perforations with the 
major axis parallel to the load, ovaloid perforations 
with the short axis parallel to the load, ‘“‘square”’ 
perforations with the side of the square in one 
plate and with the diagonal, in another plate, 
parallel to the load, have also been included. 


This paper is the seventh of a series dealing 
ith the experimental determination of the 
iechanical properties of perforated cover plates 
m@itended to be used as a substitute for lattice 
mars or batten plates in built-up box-type columns. 
he columns for which the results are here reported 
additions to the original program.' Il. Cover-Plate Columns 

In that program, the ratio of perforation width 

) plate width was 0.45 for nearly all of the 


d plates. In this series, plates with 1 and 2. 
livery to the laboratory. The ends had been 
milled after assembly and were reasonably smooth 
and parallel. A piece of material 20 in. long, 
which had been cut from each plate and angle 
ind Martin Greenspan, J. Research NBS 28, 609 used in the columns, was delivered with the 


28, GAT (1943) RP1474; 29, 279 (1942) RP1501; $0, 15 1043 
43) RP1527; 90, 411 (1943) RP1540 columns. 


The details of the columns are shown in figures 
The columns were riveted before de- 


erforations with the load parallel to the 
and having ratios of perforation width 
width of 0.255 and 0.647 have been 


| Cover Plates 





TABLE 1. Areas for the columns 
7 





Plate area Column area 
Columr Angle area 
Gross Net CGiross, A, Net, As Ratio, Ay A, 
m m n* m m ; 
C4ID-A 11.454 9.514 0.514 20. 968 20. 968 1. 000 
C4E-1 11. 461 v.44 7. 138 21. 105 18. 509 1.135 
C4E-2 11, 461 W044 7. 128 21. 105 1s. 590 1. 135 ? 
C4eE-3 11. 461 u O44 7. 146 21. 105 18. 608 1. 134 : 
C4F-1 11. 638 9. 677 3.416 21. 316 15. O54 1. 416 tf 
C4F-2 11. 68 9.677 4. 439 21.316 15.077 1.414 
C4F-3 11. 638 0. 677 3. 391 21.316 15.029 1. 418 
C4G-l 11.04 ¥. 707 5. 328 21.311 16. 932 1. 259 
C4+iG-2 11.604 9. 707 5. 329 21.311 16. 933 1. 259 
C+wWm-3 11.604 9. 707 5. 330 21.311 16. 935 1. 258 
C4H 11. 630 9. 836 5. 34 21. 466 16. O84 1. 24 
cal 11.450 @. 708 a0 21. 248 16. 800 1. 265 sT)-A 
C4. 11. 486 9. 831 5 306 21.317 16. 792 1. 260 
The dimensions given in figures 1 and 2 are analyzed for carbon, manganese, phosphorus 
nominal. There were the usual commercial varia- sulfur. 
tions in the thicknesses and widths of the plates. The methods used in testing the columns y 
The variations in the dimensions of the perfora- the same as those described in the reference; ME 
tions were considerably greater; for some plates, footnote 1, except as noted below. The short 
the differences between the maximum and mini- ing under load in the elastic range was determin 
mum perforation length or width as well as the for each column. =: 
difference from the nominal dimensions was The strains in the edge of the middle perfora' 
greater than 0.1 in. were determined for each of the C4E and (: 
g 
As the columns were already riveted when columns, using a Berry hand-operated strain gaz 
delivered, the cross-sectional areas of the plates 2-in. gage length. The values for each of the ¢! S The 
and angles of the columns were computed from similar columns were averaged. The strains i1 niddle 
the dimensions of the extra lengths of material edge of the middle perforation of columns C40: and 
rather than from measurements on the columns. C4H, C41, and C4J were measured with Huge The 
No distinguishing marks had been placed on berger SORSSEROCETS, l-in. gage length. The stre deve 
the three columns of the same design or on the distribution on the edge of the perforations \« Miiperfors 
sig 7 
three extra lengths of material representing them. calculated from the strain data and the value § the 
” ° ° ° o’s . o . . ) tests 1e ‘ 
The dimensions of the extra lengths having the Young s modulus obtained from the coupon : he ma 
same mark were therefore averaged, and the gross Each column was tested to destruction espect 
cross-sectional areas of the three columns of to complete the stress-strain curves and dat ' The 
the stress-deflection curves were taken Bo he sti 


the same design were taken as identical. 
: here 

The cross-sectional areas of the plates and 
: IV. Results alcula 


angles and of the columns, computed from the lin 
un ip 





measured dimensions, are given in table 1. The average results of the tensile tests o! ” 
coupons are given in table 2, and the che! , 
III. Procedure a Beene Hoar he 
composition of the coupon material is gi red us 
( oupons representing the plate and angle table 3. y= 
material were cut in the direction of rolling and The moduli. E’. of the columns. and the mipt 
. . , ° ee ? te ‘ ss ssi hee Onl ‘ 
tested in tension. Young’s modulus of elasticity, tive-area factors, K, with respect to shortetl{,. , 
Poisson’s ratio, the upper and lower yield point, under compressive load, for the plates, are giv’ ite 
and tensile strength were determined. table 42 
A composite sample of the plate material and a apearery “same . 7 
. > . Ambrose H, Stang and Martin Greenspan, J. Research 5 3% 
composite sample of the angle material were 192) RPT 
Perfor, 
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lverage results oj le nsile tests of cou pons 


Youne’s| Pois Yield point 


modu son's 
lus ratio 


Tensile 
strength 


rhick 
ns ness | 
Upper | Lower 
} 
| 


rLATE COUPONS 


4 
i 
® 
. 
kips/in kipefin2 kips/in2 kipa/.n 
0.372 40, 000 0. 258 85 7.1 62.6 
76-20, G00 23 8.6 7.0 4.2 
7s 10, 000 270 2 6.5 63.0 
tet) 24, gO0 270 9.3 6.7 62.7 
s, 29, MK) 259 4). 2 17.3 63.7 
x2 24, HOD HY x 17.2 63.4 
x 4 GOO M2 is. 6 t5. 8 62.4 
ANGLE COUPONS 
? (0). 488 10, 000 0.27 48.2 45.7 6s. 0 
‘ iS | (2 GO) 77 4.6 4.7 67.7 
t 5 =| 20, 20 M2 i.5 4.5 63.5 
‘ ue 20, SOO) 272 17.0 4.2 63.9 
“ 
: 2 105) 28, 400 2) 4.7 4.4 63.8 
2 ee 11 276 417.8 45.7 67 
2 ist 29, 600 27 47.2 45.¢ 67.2 
* 
¥ 
BLE 3. Chemical composition of coupon material 
é 
PY Mang Phos 
3 ‘ posite sample Carbon Tanga - Sulfur 
nese phorus 
. Percent | Percent Percent | Percent 
i. 24 0.39 0.010 o.O40 
4 5 39 oll 033 


a 
. 


The distribution of stress on the edge of the 
niddle perforation is shown in figures 3, 4, 5, 6, 
and 8 

The vertical axis of the graph in each figure is 
development of one quadrant of the edge of the 


/(P/A,), As 


s the net area of the column, and Oy and o, are 


erioration In the stress ratios, Cy 
he maximum and the minimum principal stresses, 
espectively. 
The maximum stress ratios are given in table 4. 
, 
(P/A,), 


Where .1, is the gross area of the column, may be 


on, 

ed le stress ratios based on gross area, do, 

malculated from the values in figures 3 to 8, by 
itiplying those values by the column are: 

A,, of table 1. 

The axial shortening of the column was meas- 


¢ eight compressometers located as shown 


mel) tig 7 of Research Paper RP1473. These 
ompressometers had a gage length equal to two 
wy lengths. The gage-length shortenings thus 
presented the shortening in the uniformly 


ind Martin Greenspan, J. Research NBS 28, 679 
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is 
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perforated portion of the plate. The strain for a 
given load was calculated by dividing the average 
shortening in the eight gage lengths by the average 
gage length. The stress-strain graphs for the 
columns, based on net areas, are shown in figure 9. 
The stresses on gross area may be obtained by 
multiplying the stresses on net area by the column 
area ratio, A,/A,, of table 1. 


TaBLe 4. Moduli of columns, effective area factors of plates, 
and maximum-stress ratios 
Based on gross area Based on net area 
a, igna E flec- ae E ffee- ei 
_ Modu tive area . Modu. tive area . 
; mum a mum 
lus, E factor, lus, F factor, 
, stress, K stress 
P/A PA 
SOLID PLATE 
KIps n Kips in 
C4D-A 10, 100 0, 100 


PERFORATIONS OVALOID; LOAD PARALLEL TO LONG AXI>= 


C4E-1 27, 800 0.83 31, 500 1.12 
C4E-2 27, 60 S2 $1, 300 lL. 11 
C4E-3 27, 800 SS 31, 500 1.18 
Avg 27, 700 0.83 2.2 31, 400 1.12 2.0 
C4F-1 21, 700 0.39 x0, S00 1.10 
C4F-2 21, 800 0 30, 800 1.11 
C4F-3 21,000 0) +1, 000 1.14 
Ave 271, 800 40 2.39 0, GOO 1.12 1.09 


PERFORATIONS ELLIPTICAL; LOAD PARALLEL TO MAJOR 
AXIS 
C4G-l 25, 200 om 1.70 1 7 
C4+iG-2 25, 100 4 2 43 $1, 600 117 1 us 
C43 25. 100 t4 ‘1, 000 116 
Ave 25, 10) 0. 64 $1, 600 1.97 


PERFORATIONS OVALOID; LOAD PARALLEL TO SHORT AXIS 


PERFORATIONS “SQUARE LOAD PARALLEL TO SIDE 


PERFORATIONS “SQUARE LOAD PARALLEL TO DIAGONAT 


cal 25, 700 0.69 40 12. aM) 7 i 
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a/5, 


2, elliptical hole, load parallel to Figure 7. Column C4I, ‘“‘square’”’ hole 
side. 
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Ficure 5. load 
major aris, 


Distribution of stre on e edge of the perforation Based on net area Distribution of stress on the edge of the perforation 


7 


The lateral deflections at midheight of the rhe maximum loads for the columns, the ma 


column, in planes at right angles to the principal 
axes of inertia of the cross section were measured 


mum average stress on the gross area and on | 


stress, kips/ in® 


f 


net area, and the effective-area factors‘ of 
at various loads. The deflections were determined plates with respect to compressive strength 
to 0.01 in by the taut-wire mirror-scale method. are given in table 5 
The distance between the supports for the wires 
was 14 ft 3 in. The stress-lateral-deflection 


graphs, based on net area, are shown in figure 10. 


Figure 8. Column C4J, “square” hole, load 
diagonal 
, -_ distribution of stress on the edge of the perforatior Based 
‘H. ovaloid hole load parallel lo : . ' wht 
short axis 
Ambrose H. Stang and Martin Greenspan, J. Research NBs 3 
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frain @g aphs for the columns, if 1GURE 10 Stre ss-de flection graphs for the columns. 


n net area ised on net area. When the deflection is north, N. the bending stress is 
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FIGuRI 


the columns 


Vazrimum loads for columns and effective area 


TABLE 5 


actors jor 


plates 


SOLID PLATI 


PERFORATIONS OVALOLD, LOAD PARALLEL TO LONG AXIS 


C4t 
C4 
C4t 


PERFORATIONS ELLIPTICAI LOAD PARALLEL TO MAJOR 


ERFORATIONS OVALOLID,; LOAD PARALLFL TO SHORT AXIS 


can 


PERFORATIONS “SQUARI LOAD PARALLEL TO SID 


c4l 


PERFORATIONS “SQUARE”: LOAD PARALLEL TO DIAGONAI 


ca 
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Columns afte 


art 


r maximum load tests 


C4G-1, C4H, C4l, and C4J 


The unperforated plate column, C4D-A 
toward the plate side as would be expected 


ah 
The Co 


bent as a whole with buckling of the outsta: 


the double modulus column theory 


legs of the angles near midheight 

The perforated plate columns, C4E—1, C4! 
C4E-3, C4F-2, C4F-3, C4G-2, C4G 
C41, and C4J, failed away from the plate si 
would be expected from the consideration th: 
the neighborhood of a perforation, the 
axis of the column is displaced away from the 
side. The perforated plate columns, C4I 
C4G_ 1, 
practically 


failed in the other direction, having sul! 
the 
Local buckling of the 


no deflection until maxi 
load was approached 
standing legs of the angles and buckling o 
plate near a perforation characterized th 
of the columns having perforated plates 
11 shows columns C4G-—1, C4H, C41, and C4 


test 


V. Summary 


The results of the tests of the columns rep 
here, as well as of the perforated plate columns 
which properties have been previously rep 


will be discussed in a forthcoming Research ! 


Comparisons will be made between the e 
mental results and values based on theories 


have been developed during this investis 


WASHINGTON, October 13, 1947. 
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Behavior of Certain Sugars and Sugar Alcohols in the 
Presence of Tetraborates—Correlation of Optical 
Rotation and Compound Formation 


By Horace S. Isbell, Joseph F. Brewster, Nancy B. Holt, and Harriet L. Frush 


In the present investigation, the changes in the equilibrium specific rotation caused by 
the addition of either sodium or potassium tetraborate to solutions of p-glucose, p-fructose, 
L-sorbose, sucrose, mannitol, and sorbitol have been observed and the results interpreted 
Measurements have been made for various concentrations of carbohydrates with fixed con- 
centrations of borate, and for various concentrations of borate with fixed concentrations of 
carbohydrate. It was thus possible to observe independently the effect of variation in the 
concentration of either carbohydrate or borate. The results indicate that glucose, fructose, 
sorbose, and sorbitol form three borate compounds, that mannitol forms two, and sucros¢ 
one The optical rotations of the compounds have been estimated, and the composition of 
the solutions discussed. Extensive tables have been included, giving the optical rotations of 


the above-mentioned carbohydrates in the presence of sodium and potassium tetraborate. 


I. Introduction alcohols, similar studies appeared to be desirable 
on those sugars (glucose, fructose, sorbose, and 
In recent years large quantities of the poly- sucrose) that are commonly associated with sor- 
lvdric alcohols, sorbitol and mannitol, have been binek cad momnltel 
roduced and have found use in many industries. Another object of the investigation was to ex- 
commercial applications make important tend knowledge of the character of the borate- 
development of simple methods of analysis. carbohydrate compounds, a subject of particular 
sugar alcohols, like nearly all sugar deriva- importance in relation to various polysaccharides. 
es that do not contain an oxygen ring, have Thus, it is well known that the viscosity and 
jow optical rotatory power, but the addition of physical properties of algins, plant cums. and 
rates, molybdates, tungstates or certain other mucilages are altered in striking manner by the 
horganic substances considerably increases the addition of borates. It is believed that the in- 
on and makes polarimetric Methods of formation presented in this paper will be useful 
ement possible. Although it has been in interpreting the action of borates on thes« 
or less customary, since 1874, to character- more complex substances.” 
ze the sugar alcohols by their optical rotations 
#2 aqueous solutions containing borax [1],' there Il. Reactions of Borates and 
wis been no uniform procedure and little emphasis Carbohydrates 
1 the effect of concentration. The purpose of 
uvestigation was to obtain more compre- 1. Prior Work 
‘data concerning the effect of borates on It has been known for many years that polv- 
il rotations of mannitol and sorbitol at hydroxy substances combine with boric acid any 
oncentrations. As borates affect the borates in solution with great ease and rapidity. 


ations of the sugars as well as the sugar The reactions are accompanied by extraordinarily 


the literature references at the end of this The methods described in this paper are being applied to the study of 


other carbohydrates, including the uronic acids 


Ket ndicats 


: Porate- arbohydrate Compounds 











large changes in physical and chemical properties. 
Thus, the addition of mannitol to aqueous solu- 
tions of borax changes the reaction of the borax 
from strongly alkaline to strongly acid [2]. In- 
formation as to the character of the compounds 
formed has been derived from measurement of 
the changes in optical rotation, electrical conduc- 
tivity, acidity, freezing point, solubility, and vol- 
ume. Lambert first observed the effect of struc- 
ture on compound formation [3], a subject that 
Magnanini studied extensively by conductivity 
measurements [4]. Ina series of brilliant investi- 
gations extending over many years, Béeseken and 
coworkers developed Magnanini’s method and 
ascertained the structural and configurational 
conditions necessary for the formation of borate 
compounds.’ Originally Béeseken assumed that 
1 molecule of a dihydroxy compound combines 
with 1 of boric acid with loss of water to form a 
cyclic compound (type A) having strong acid 
properties. The preparation by Hermans [6] of 
several crystalline compounds of this structure, 
but having only weak acid properties, led to a re- 
vision of the original concept and the conclusion 
that there are several classes of boric acid com- 
pounds differing widely in acid strength. The 
formu!ss that have been suggested are tabulated 


below 


»BOH 


For convenience they will be designated hereafter 
as types A, BD and BDz, respectively. 
considered structure BD, as most probable for the 


Hermans 


strongly acid compounds, but recognized that 


compounds of the BD type may also be strongly 


A comprehens list of Béeseken’s early publications on this subject 
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acidic. Béeseken [7] justified the ex 


compounds of pentavalent boron hay ing 
tetrahedrally arranged covalent 
basis of the Lewis-Langmuir theory ano poin: 


out the possibility of optical isomers {i 


bond on 


compounds of the BD, type. The reso\uti 
the strychnine salt of borodisalicylic acid into ; 
optically active isomers confirmed the idea of 
tetrahedral arrangement of the boron vale; 
and established the structure of the BD, 
conclusively [8]. 

The first compounds known to be of typ 
were prepared by Hermans [6], who found ¢| 
weakly acid volatile substance, 


BOH 


crystallizes readily from aqueous solutions 
taining equivalent quantities of boric acid 
2,4-dimethylpentane 2,4-diol. Several othe: 
resentatives of this class were prepared. Ordina 
compounds of type A are formed by dehvadrat 
of solutions containing the diol and boric a 
Thus, by dehy 


tion of mixtures of mannitol and borie acid 


borate in proper proportion. 


CH,OH.CH . CH.(CH,OH),.CH,OH 
O oO 


BOH 


and 
BOH 


CH,OH.CH .CH.CH . CH.CH,OH 
oO oO 


BOH 
are obtained [9]. Partial hydrolysis of these : 
pounds vields a crystalline acyclic mannitol be 
considered to be 2-mannitol monoborate. D 
dration of boric acid mixtures containing eth 
glycol or 1,3-butylene glycol gives compoune> 
type A that are volatile [10). Under like co 
tions glycerol gives a nonvolatile viscous ! 
the nonvolatility of which is attributed to 
formation of a_ third ester linkage betwee! 
diesterified molecules. 

The evidence for compounds of the BID 1 


not so convincing as that for compounds o! t) 
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« mannitol-boric acid compound of Fox 
e {11} having the empirical formula 
belongs to this class, and also the cis- 

ane diol borie acid of Derx [12]. 
is representatives of the BD», type in 
of crystalline salts have been prepared, 
It was shown by Hermans that several 
uls prepared by other workers (e. g., the 
dipyrocatechol boric acid [13], potassium 
tric acid [14], and possibly certain com- 
prepared by Wohl and Neuberg [15] are 
BD, type. A few of the crystalline acids 
been obtained by heating the aniline or 
vridine salts in a vacuum [6, 8], and it is possible 
Bhat certain crystalline compounds of fructose, 
nannitol, and xylose are also of the BD, type [16]. 
ermaas [17] suggested that all 1,2, and 1,3 diols 
th hydroxyl groups in suitable positions are 
to form compounds of type A, in which the 
alence angle of the trivalent boron is 120°. 
ompounds of types BD and BD), however, can 
formed only when the hydroxyl oxygens are 
itfic iently close to allow the 4 covalencies of 
wron to assume a smaller angle, namely, 109°. 
This concept has been confirmed by X-ray dif- 
raction measurements [18]. The cis diols * that 
sieseken classified as “favorable’’ meet this re- 
iirement and give rise to borate compounds of 
ypes BD and BD, as well as to those of type A. 
jut for any single diol, it has not been possible 
o separate all three borate compounds in crystal- 

ine form, 

For determining the configurations of the re- 
ing sugars, advantage has been taken of the 
act that the only cyclic diols that form compounds 
hat increase the acidity of boric acid solutions 
those with adjacent cis hydroxyl groups. 
Fhis principle has been used by Béeseken and 
workers for establishing the configurations of 
any sugars [21]. For example, it was found that 
-p-glucopyranose increases the acidity of boric 
eid whereas 8-p-glucopyranose does not. Hence 
hydroxyls of carbons 1 and 2 of the alpha 
yranose modification of glucose are in the eis 
OSILION [22]. Aloreover, the selective combina- 
ion of certain modifications of the sugars with 


Orates causes a shift in the equilibrium state. 


echarides having adjacent cis hydroxyl groups do not appreci- 


conductivity of boric acid and may even cause a decrease 


2)) ascribed the anomalous behavior to the particular con 
t ring in these compounds 


Porate-Carbohydrate Compounds 


The borate-sugar compound is decomposed by the 
addition of acid with regeneration of the sugar, and 
formation of a salt and boric acid. It was shown 
by Levy and Doisy [23] that this process is fol- 
lowed by a mutarotation caused by release of the 
sugar modification in the complex, and the subse- 
quent establishment of the normal equilibrium 
state. 

The prior work clearly shows the existence of 
borate-diol compounds of diverse types, but there 
is considerable uncertainty in regard to the char- 
acter of the compounds present in aqueous solu- 
tions. Béeseken, Vermaas, and Kiichlin [24] esti- 
mated the number of moles of polyol (n) which 
form a strongly acid complex with 1 mole of boric 
acid, (1) from the change in pH upon the addition 
of the polyol to a fixed amount of boric acid, 
(2) from the change in pH during the neutraliza- 
tion of polyol-boric acid solutions, and (3) from 
freezing point measurements of borate-polyol 
solutions. By the three methods, n was found 
to be 2 for fructose, mannitol, and a-mannitan. 
Tung and Chang, by potentiometric measurements 
of pH also found that n equals 2 for several sub- 
stances, notably fructose, mannitol, and xylose 
[16]. In contradiction to this evidence, Levy 
[25], using the freezing point data of Kahlenberg 
and Schreiner [26], calculated that 1 mole of 
sodium borate enters into combination with 1 
mole of mannitol, and presented data to show that 
a 1:1 combination takes place with other carbo- 
hvdrates. Other proportions were suggested by 
Darmois and Peyroux [27], but Bancroft and 
Davis [28] questioned the existence of any of the 
compounds in solution. Other contradictory lit- 
erature was cited by Rippere and La Mer [10]. 

Although borate-polyol svstems are extremely 
complex, and there is some conflicting evidence, it 
appears that an equilibrium involving compounds 
of types A, BD and BD, accounts most adequately 
for the experimental facts. Equilibrium systems of 
this character have been considered by Vermaas 
[17] and Béeseken [20]. Vermaas presented the 


following reaction scheme: 


—COH 


H,BO; = BOH 2H.0O 








BOH 





The primary reaction gives a compound of type 
A, which in turn is converted into substances of 
types BD and BD, by reaction with either a mole- 
cule of water or a second molecule of diol. Under 
suitable conditions the process of reaction (a 
undoubtedly takes place, but it may include the 
stepwise formation of an acyclic intermediate of 
the type 


] 
CoH 


COB LOH 
\ 


which Bremer [9] obtained by hydrolysis of a 
mannitol borate of tvpe A. Reaction (c 
questionable in light of the observation that the 


seems 


propylene glycol borate of type A does not combine 
with a second molecule of propylene glycol [10].* 
The inertness of the propylene glycol compound, 
however, may be due to an “unfavorable” strue- 
ture rather than to the invalidity of the hypo- 
thetical reaction. 

The following scheme was suggested by Béeseken 
(20). 


H, BO H,.O = 


PHO OH 


L HO 


io 














BOH 


HO 


The first reaction gives an ion contain 
covalent boron, which combines with 
vield a compound of type BD directly. 

IV is the same as reaction (b) of Vermaa 
and appears to be relatively slow, at 
some diols. 

In acid solutions the equilibrium for react 
lies to the left. 
titv of the quadricovalent borate ion is present 


Consequently, only a small ¢ 


the tendency for the formation of ions BD 
BD, of reactions II and III is correspondin 
small. The amounts of the complex acids for 
from boric acid and a carbohydrate are suffi 
to cause measurable changes in acidity but 
small to detect by optical rotation measurem: 
In the presence of the alkali borates and t 
borates, however, the equilibrium for reacti: 
lies to the right, and the tendency for the for 
tion of the ions BD~ and BD?) is high. tl: 
these conditions large quantities of complex 
rates are formed, and it is possible to study 
pound formation of carbohydrates with bo 
or tetraborates by optical methods. 


2. General Discussion of the Results of the Presex' 
Investigation 


In this investigation, a study was made of 
reactions of certain carbohydrates with sod 
and potassium tetraborate. To obtain infor 
tion concerning the compounds formed, solut 
of p-glucose, p-fructose, L-sorbose, sucrose, ! 
nitol, and sorbitol conteining either sodium t 
tetraborate were st 


borate or potassium 


polarimetrically. Measurements were mad: 
solutions containing fixed amounts of tl» 
hydrate and various amounts of tetraborat 
with solutions containing fixed amounts of | 
borate and various amounts of carbohydrat: 
As like 
tetraborate and of potassium tetraborat 
found to have like effects on the optical rota! 
of the substances investigated, the results obta 


molecular concentrations of so 


. 


with the two salts are considered together 
dium tetraborate is more readily obtained in} 
condition and seems preferable for analytical | 
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otassium tetraborate is more soluble 

sed over a wider range of concentra- 

shown by Kahlenberg and Schreiner 

dium tetraborate in solution is equiva- 

imolecular amounts of sodium borate 

acid. As compound formation of car- 

with boric acid is too slight to be 

polarimetrically, the presence of boric 

1 neglected, and ] mole of tetraborate 

msidered to be equivalent to 2 moles of 

If it be assumed that compounds of the 

BD, types are highly ionized and show 

ariation in ionization with concentration, 

.i‘that a compound of type A is only slightly 

nized certain relationships can be drawn from 

jeseken’s equations, which appear to provide a 

asonable interpretation of the complex changes 

served in the optical rotations of carbohydrates 
the presence of tetraborates. 

The reactions may be expressed symbolically 


the following manner: ‘ 


H.BO HO = + H 
2H.0O 
2H.0 


H.O IV’ 


system of this character would result in the 
librium state represented somewhat arbitrarily 
This figure is similar to those used by 

17] and by 


Béeseken and Vermaas 


includes, however, compounds of type 
shows by the dotted lines, the direction 
changes that occur as the hvdrogen ion 
tration decreases. At a given tetraborate- 
tio, the heights of the curves would be 

to vary widely with concentration and 


nd on the characteristics of the diol in 


mass law it follows that:? 


kK, {D| 
{H,OF 


k,{BD 
hk[B~] 


j 


liol) and B>- the ion 
Ho 
e Structures given on page 130 


equilibrium constants 0 


irbohydrate Compounds 


KoKy!H*}[B-}[D 


fA] 
LA] (H,O} 


[BD-] K,{H,O} 
[A] {H*] 


IBD>] K;{D] 
[Al ~ K,{H*}/H,0} 


From eq | and 2 it may be seen that the concentra- 
tion of BD, is favored by high concentrations of 
D and low concentrations of HO and B Thus, 
compounds of the BD, type should be formed 
preferentially in concentrated solutions of the 
carbohydrate containing small amounts of borate. 
Consequently, the change in optical rotation caused 
by the addition of small quantities of tetraborate 
to a carbohydrate solution can be ascribed 
principally to the formation of a compound of the 
BD, type. 

Compounds of types BD and A are favored by 
high borate concentrations according to eq 2 and 
3. It follows from eq 1 and 4 that BD 
over BD, and A by dilution, and from eq 1 and 2 
that BD 
tions of diol and high concentrations of borate. 
Hence, compounds of the BD type should pre- 
dilute 
quantities of tetraborate and little carbohydrate. 


is fav ored 


is favored over BDZ by low concentra- 


dominate in solutions containing large 
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TETRABORATE — DIOL RATIO 


Ficure 1. Hypothetical equilibrium diagram for the tetra 


borate-diol s system 


DD, Percentage of uncombined diol; BD», percentage of diol present 
BD» compound; BD, percentage of diol present as BD compound; A, per 


centage of diol present as type A compound 
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From eq 4, it is seen that in a system containing 
A and BD~, [A] varies inversely with [H,O], and 
BD~| varies directly. Hence, the proportion of 
compounds of type A is higher in concentrated 
solutions than in dilute, and the change in optical 
rotation with change in concentration at a constant 
tetraborate-carbohydrate ratio provides a means 
of judging the direction and magnitude of the opti- 
cal rotation of the compounds of type A. 

The relative amounts of compounds of types A, 
BD, and BD, also vary with the hydrogen ion con- 
centration. The work of Hermans, Béeseken, 
Vermaas, and others has shown that compounds 
of type A are only weakly acidic; whereas, the 
hydrogen compounds of the BD, and BD types are 


strongly acidic. If, as we have assumed, com- 


a 
w 
w 
« 
oO 
3 
z 
2 
= 
< 
°o 
a 
2° 
7 
o 
a 
a 
” 





pounds of type A are not ionized, and « :mp, 
of types BD, and BD are completely i: nix 
relation between concentrations of hy 

and of A, BD>, BD~, D, and Bean by 

by eq 3, 4, and 5. From eq 4 and 5, 
expect the ratios [BD™]:[A] and [BD, 
crease with decrease in hydrogen ion 
tion. In general, as the tetraborate-ca: 
ratio increases, the hydrogen ion concentr 
creases, and [BD™~] and [BD] increase 
This effect is indicated by 

In this study, consideratio 


pense of [A]. 
lines of figure 1. 
not been given to the change in the ¢ 

ionization of the borate with change in co 
tration or to differences between the optical 
tions of the ionized and nonionized borat 
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MOLES OF TETRABORATE PER MOLE OF GLUCOSE 


Figure 2 


otassium tetraborate 
100 ml 


1, 2gof glucose per 100 ml 


2 S pe ( ific rotation of glucose in the presence of alkali tetraborates. 


2, 4 ¢ of glucose per 100 ml; 3, 6 g of glucose per 100 ml; 4; 1 


5, 25 ¢ of glucose per 100 ml 
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MOLES OF TETRABORATE PER MOLE OF FRUCTOSE 


FIGURE 


fructore per 100 ml; 2, 4 g of 


Spectfic rotation of fructose in the presence of alkali tetraborates. 


fructose per 100 0 ., 6 2 of fructos per lwo n 


fructose per 100 ml 


Although these factors are of im- 

they would not affect the qualitative 
isions that have been drawn. 

may be observed from the curves of figures 

+. 5, 6, and 7 that in the presence of tetra- 

optical rotations of certain carbohy- 

in striking manner with the tetra- 

ohydrate ratios and with the absolute 

ns. The presence of a maximum and 

the curves for glucose and fructose, 

ction in the curves for sorbose are 


the formation of three compounds 


ate-Carbohydrate Compounds 


from each of these substances. The general 


contour of the curves for sorbitol likewise suggests 
the presence of three compounds, but the curves 
for mannitol give evidence for two compounds 
and those for sucrose for only one. The propor- 


tions of the borate-carbohydrate compounds 


responsible for the changes in optical rotation 


appear to vary with the tetraborate-carbohydrate 


ratio essentially as indicated in the curves of 


figure 1. The several carbohydrate-tetraborate 


systems are considered in detail in succeeding 


sections, 
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Fiaure 4 Specific rotation of sorbose in the presence of alkali tetraborat 


tetraborat« 1, 2 of sorbose per 100 ml; 2, 4 g of sorbose per 100 ml; 3, 6 g of sorbose 


per 100 ml; 5, 20g of sorbose per 100 ml 
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Figure 5. Specific rotation of sucrose in the presence of alkali tetraborates. 


otassium tetraborate 1, 2 2 of sucrose per 100 ml; 2, 4 @ of sucToss er 100 mil: 3, 6 @ of sucrose er 
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Specific rotation of mannitol in the presence of 


alkali tetraborates. 
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MOLES OF TETRABORATE PER MOLE OF SORBITOL 


ion of sorbitol in the presence oj 


alkali tetraborates. 


tetraborate 1, 2 g of sorbitol per 


@, potassiun 


(her s, 6g of sorbitol per 100 ml; 4, 10g of sorbitol 


Optical Rotations of Carbohydrates in 
Solutions Containing Borates 


1. D-Glucose 


\lthough the effect of borates on the optical 
lation of glucose was noted early, and has been 
ld by a number of investigators [22, 30, 31, 
v work has not brought out the depend- 
the optical rotation upon the relative 
te concentration of both glucose and 
complex relationship is shown by the 

nts reported in table 1 and figure 2. 
mentioned, a-p-glucopyranose com- 
borates. 


vely with borie acid and 


brate-Carbohydrate Compounds 


Inasmuch as a-p-glucopyranose has one pair of 
adjacent cis hydroxyl groups, and a molecule of 
tetraborate furnishes 2 borate ions, formation of a 
compound of the BD, type requires 0.25 mole of 
As this type of 
compound is favored by high concentrations of 


tetraborate per mole of glucose. 


glucose, it may’ be assumed that the linearity of the 
change in optical rotation at tetraborate-glucose 
ratios of less than 0.1 is due to the substantially 
quantitative formation of the BD, compound. 
Extrapolation of this change in optical rotation 
to a tetraborate-glucose ratio of 0.25 gives a spe- 
+40° for the BD, compound 
(expressed on the glucose content). 


cific rotation of 


Compounds of the BD type are favored by 
dilute solutions at high tetraborate-diol ratios. 
Figure 8 shows that the specific rotation of glu- 
cose in the presence of either sodium tetraborate 
or potassium tetraborate approaches a limiting 
value of 9° as the concentration of the carbo- 
hydrate decreases, i. e., as the tetraborate-diol 
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Ficure 8. Limiting value for the specific rotation of glucose 
at low concentration in the presence of tetraborates, for 


estimation of the specific rotaltior of the BD com pound, 
, Sodium tetraborate; @, potassium tetraborat« 1, 10g of Kp ByO;. 4H,O 


g of Na: ByO;.10H)0 per 100 ml; 3, 6 ¢ of Ky ByO>.4.H20 per 
Na) B,yO-;.10H,20 per 100 ml 


per 100 ml; 2, 10 


100 mil; 4, 6 2 of 
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ratio increases.* As this value differs widely from TaBLe 1. Specific rotation of p-glucose in aque 


the optical rotation of the free sugar (4 52°) and containing tetraborate Continued 


does not vary appreciably with the concentration 
. B. POTASSIUM TETRABORATI 
of the tetraborate, it may be assumed to corre- 


spond to the optical rotation of the BD compound. nities KsB.07.4H0 


The existence of compounds having specific rota- 
tions of +40 and 9° will not account for the Moles per 


mole of 


minimum and maximum observed in the rotations ; 00 ml | glucose 


of concentrated solutions (figure 2, curve 5). Ob- 
V iously, a compound at least as dextrorotatory as 

58° (the maximum observed rotation) must be 
present. This compound is favored by high con- 
centrations and a tetraborate-glucose ratio greater 
than 0.25. Hence, it is presumably of type A. 
The decrease in optical rotation with increasing 
tetraborate-glucose ratios above 0.5 can be as- 
cribed to the formation of the BD compound by 
virtue of the decrease in hydrogen ion concentra- 
tion (eq. 4, page 133). 


TABLE 1. S pe cific rotation of p-glucose in aqueous solutions 


containing le traborate 


A. SODIUM TETRABORATE 
Na:B Or. 10HLO 


Moles per 

mole of 
vO ml glucose 
t 2.84 


iT 


\s fi 
¢ botl 
* Read at 34° C might 


Odes 
The complex relationships in the optical rota! diftea 
shown in the curves of figure 2 arise from cha... 
in the proportions of the free sugar and th 


rectioy 


borate compounds, essentially as shown in figu » that 


At low tetraborate-glucose ratios, the conce! ctopy 


tion of the sugar is relatively high, and BD po 
the principal product. As the tetraborate-giu 
ratio increases, the concentration of the fr 
* A levorotation =”) fo rtain glucose-borate mixtures was reported 


nan and Miller [34 decreases, and hence, the ratios [BD,]:|BD 
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The formation of the compound of — sugar component of any of the borate compounds 
is the optical rotation in the dextro at present. 

ul accounts for the increase in optical The equilibrium specific rotations of fructose 

the right-hand side of the minimum obtained in solutions at several concentrations in 
of figure 2. As the tetraborate-glucose the presence of various amounts of sodium or 
ises further, the hydrogen ion concen- potassium tetraborate are given in figure 3 and 
eases. This factor leads to the forma- table 2. The specific rotations of solutions con- 
BD compound, partially at the expense taining less than 0.25 mole of tetraborate per mole 
accounts for the decrease in optical of fructose vary nearly linearly with the tetra- 
lowing the maximum in curve 5. borate-sugar ratio and show little change with 


ved tetraborate-glucose ratio, changes in change of concentration. These facts indicate 
ition affect the relative amounts of the that the product formed at low tetraborate- 


ecompounds. In concentrated solutions com- fructose ratios is relatively stable, and that its 
of type A and BD, are present in larger — amount is nearly proportional to the borate pres- 
ount. and account for the higher dextrorota- ent. As the proportion of tetraborate is low, the 
ns of these solutions; in dilute solutions at high compound is presumably of the BD, type, and 
traborate-glucose ratios the BD compound pre- requires 0.25 mole of tetraborate per mole of 
nates to the exclusion of the others. The fructose. The optical rotation can be estimated, 
ation in the proportions of the several com- as in the case of glucose, by extrapolation of the 
inds with concentration accounts for the strik- rotations observed at low tetraborate-fructose 


ferences in the character of the curves ob- ratios to a ratio of 0.25. The result so obtained 


ed at different concentrations of glucose. indicates a specific rotation of approximately $5 
based on the fructose content. The specific rota- 
2. D-Fructose tions in dilute solutions approach a limit at high 
tetraborate-fructose ratios of 22 to 
The effect of boric acid and borates on the expressed on the fructose content (fig. 9). 
tical rotation of p-fructose has been studied by value corresponds to the optical rotation of a 


umber of workers [27, 31, 35]. It has been compound presumably of the BD type. At 


wh that fructose markedly increases the hydro- tetraborate-fructose ratios above 0.3, the specific 
ion concentration of aqueous boric acid, and 





the effect is greatest at a concentration of 2 -45 
of fructose per mole of borie acid [36]. 
ther measurements have indicated that a di- 


! 
> 
°o 


ose borate predominates under the conditions 
mploved in the volumetric anavlsis of boric acid, 


that a monofructose borate is present only 
9 


' 
uw 
uw 


en the concentration of fructose ts less than 


es per mole of borate [37]. 


' 
wo 
°o 


\s fructose establishes an equilibrium contain- 
y both pyranose and furanose modifications [38], 


SPECIFIC ROTATION (DEGREES) 


cht be expected to form derivatives of eather 


| 
Ls) 
w 


wdification. Levy and Doisy [23] observed that 
dification of a solution containing fructose and 
| 


4 
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rax results in a rapid mutarotation in the levo 
The direction of the change is opposite 
the mutarotation of crystalline 8-p- 
wtopyranose. Hence, the predominating borate Ficure 9. Limiting value for the specific rotation of 


ructose 


mpound must contain an alpha fructopyranose at low concentration in the presence of tetraborates, for 
lructol inose, or an open chain poaditiiantion of estimation of the specific rotation of the BD compound 
‘ < ar < 
, Sodium tetraborate; @, potassium tetraborate. 1, 10 ¢ of K»B,O- 4H) 
per ml; 2, 10 g of Na; B,O;.10H2O per 100 ml; 3, 6 ¢ of K2ByO>.4H2O per 106 


structure cannot be assigned to the ml: 4, 6 g of Na:B,0;.10H;0 per 100 ml. 


In light of the numerous possibilities, 
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rotations vary markedly with concentration (fig. TaBLe 2. Specific rotation of p-fructose in aq 
3). As in the case of glucose, the variation may be containing tetraborate—Continue - 
° 7 ra 
caused by the formation of a compound of type 7 
rar . : B. POTASSIUM TETRABORATE 
A and by a shift in the relative proportion of pais ' 
il 
sD, ) s fr . 
BI » and BD~-. It follows from eq 1 that ata aides EBA. i 
given tetraborate-fructose ratio there must be 
relatively more BD, in concentrated solutions a ri, 
‘ 2 ver mole | 
than in dilute. This accounts in part for the more of 
. t 9/100 ml OO ml fructos as 
levo rotations of concentrated solutions, but a 6 8. 
; . bail | ) 11.79 i 
system having only two compounds in addition to : aa 
the free sugar will not account for both the maxi- 2 w) 
mum optical rotation found at a_tetraborate- . , - 
fructose ratio of 0.3 to 0.5, and the minimum, 7 - 
4 ( Ws Na 
found at a ratio of 0.5 to 0.8. The decrease : ‘ 
) a 
following the maximum, shown in curve 4, shows ‘ 0 a 
. . { 1 ‘es I 
the existence of a third compound, presumably of — , - an 
tvpe A, and having a levorotation of at least 45°. ‘ 3. 39 0 s , 
." ; =" ' j ) . 
The increase following the minimum may be : ri 
attributed to changes in the proportion of BD ‘ 0 147 ; 
and A with decrease in hydrogen ion concentration, ' . 7 
as the tetraborate-fructose ratio is increased. 6 0 
TABLE 2, Spe cific rotation of D-fructose in aqueous solutions ¢ ‘ ’ f 
containing tetraborate : = 
A. SODIUM TETRABORATE , = 
Fructose Na:B.O>.10H20 lal; pH : ’ ; 
_ i o { um 
Moles Ww F _ 
per mole , ' " 
of 10 2 12 
ml g/100 ml fructose 10 ‘ 4 ‘ 
6 24 %.7 0 10 124 25 
Ww ‘4.7 25.7 ». 2 10 ‘ 
0 000 n.3 10 6.78 0) 
2 wu 10.8 6.7 10 7.¢ ‘ 
2 4; 5 af 10 a {7 
‘ M 18 6 10 &. 48 ‘ 
t 1.42 u) 8.7 0 ’ 
1 2. 29.0 0 0 10.18 Ho 
2 a 4.72 27 th) 11.87 ( s 
10 15. 26 PT 
‘ 0 0.00 92. 3 10 “ a”) 1.18 
‘ l 12 is. 1 6.0 
4 2 24 im ¢ ‘ 12 0.17 “ 
‘ 4 17 7.8 7.7 5 Hi. 3 2 
‘ 1.2 4) 7.2 0 8. 48 9 ' 
4 t 71 wif s 
‘ 10 118 M48 8 
4 20 2 3 1.0 
: 3. L-Sorbose 
“” { m w6 
s 75.7 5.3 Insofar as known the effect of borates o! 
, : : ae * optical rotation of L-sorbose as not been 
2 2.0 4 2 ‘ “ = 
6 7 03 74 viously investigated, although it has bees 5! 
. 0 oh at [39] that L-sorbose greatly increases the co 
0 0.00 a0 tivity of boric acid. The capacity of sorbes 
- . . me a combine with boric acid might arise from th 
‘ 19 55.6 5.5 orable positions of the hydroxyls of carbons 
. 7 a — 2 in either the pyranose or the furanose mo 


tions. In the alpha forms, the hydroxy! 
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B is als i favorable position for the formation 
fa x borate. 
Th ts given in table 3 and figure 4 show 
hat 1 yptical rotations of sorbose solutions 
hat n a levo to a dextro direction with the 
I f inereasing amounts of tetraborate. 
The « s are similar to those obtained for frue- 
s may be explained in like manner. As 
th { ose, the linear relationship, between the 
pec otations and the tetraborate-sorbose 
tios is evidence that the compound formed at 
tios of less than 0.25 is relatively stable. The 


tations at low tetraborate-sorbose ratios extra- 
wlated to a ratio of 0.25 indicate that the spe- 

rotation of the BD, compound is approxi- 
itely 5 The specific rotation of the com- 


ind favored by high tetraborate-sorbose ratios 


presumably of the BD type, was found from 

curves of figure 10 to be approximately +16 
cpressed on the sorbose content The inflec- 
Specific rotation of L-sorbose in aqueous solutions 


containing tetraborate 


4. SODIUM TETRABORATE 


K 2ByO?7.10H20 a pH 
Moles 
per mole 
of 
imi sor ore 
0 0.00 42.9 
4 10.2 6.8 
. 17 2 7.9 
1 44 “ a3 
41 s nf 
2 x r a7 
( Te 12.9 
24 44 6.1 
t 17 ® 7.¢ 
‘ 7 5.0 
0 Is 2 0 
0 0.00 5.0 
is vs 4.7 
2 It 1 2 
i 2 6 4 
‘ ‘7 4 5 
74 ! ‘ 
oo 43.2 
Os x 0 
2 ww aS i 
1 1v 14.7 4.7 
5. 29 25 7.7 
‘ as ‘ ; 6.2 
) 17 7.1 
10, SS > 7 
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TABLE 3. Specific rotation of L-sorbose in aqueous solutions 


containing tetraborate—Continued 


B. POTASSIUM TETRABORATE 


Sorbose K»ByOr 4H20 laly pH 
Moles 
Pp r mole 
of 
00 ml 9/100 ml sorhose 
9 ( 0 00 12.9 
2 AS 26 5 
- 1 uy 6.7 
2 ao 1.4 s 
2 4 Is 8 
2? ‘ 1.77 7.4 &.¢ 
y 4 Ww 2.9%. Ls ® 
i 0 0.00 12.9 
‘ 15 8 i 
' 1.70 2 aa 
j 2 1) 6.7 is 
rl ry ’ 7 7 
4 ‘ ss 0.7 s 
‘ 0 1.4 1.9 . 
( 0.00 3.0 
é 1 2s ‘ 
t a 14.0 8 
t 2¢ » a1 
4 u 
‘ i) 
) as 0 
1 0 On 45.2 
10 l iM 4.2 41 
10 2 12 2 ‘ 
It ‘ 24 7 i 
Ww 124 25 = 
0 4.41 a s.0) 
10 17 2s ri 
10 ‘ i 4 ‘ 
lw a ‘ u 
10 72 ; ‘ 
» s. 14 a4 , 
) S48 2 Sf 
a 8. 82 a —s. | 
» 17 Hv) 7.0 
» 16. 6 ” 6.4 
y) 00 ; ‘ 
x 2.44 7 0 
2) a 7.4 
0) 25.44 0) 1—6.9 


* Read at approximats 


tions of the curves of figure 4 for high concentra- 
tions of sorbose indicate the presence of a third 
compound, As this compound is favored by high 
concentrations at tetraborate-sorbose ratios of 
more than 0.25, it is presumably of type A. To 
account for the alteration in optical rotations with 
concentration in the region of a tetraborate-sor- 
bose ratio of 0.5, the compound must be at least 
as levorotatory as —7°. The increase in the 
slope of the curves as the tetraborate-sorbose 


141 

















ratio is increased above 0.5 ean be attributed toa TABLE 4. S pe cific rotation of sucrose in aque 




















change in the ratio [BD]:[A] caused by a decrease containing tetraborate—Continued 
in the hydrogen ion concentration. 
B. POTASSIUM TETRABORATI tat 
us 
w +20 - Sucros K2ByO; 4120 . 
© Bo 
iv) ws 
a Moles ibs 
— +10 per mele 
Oo ” 1 mi | sucrose 
& 2 0 0. 00 ] U 
hw i . 
oO ie) 2 . : . ae 
x 3 2 2 12 
oO 4 2 i 2. 24 ISt 
KX ‘ 4) 
= -10 = 4 . ct 
; 3 0 ! 2 3 4 5 6 7 d 10 60 
ns 
3, GRAMS OF SORBOSE PER 100 ML , 
4 ( 0. 
; eter! 
Fieure 10 Limit ng value for the specific rotation of sor- j 1 2s 
bose at low concentration in the presence of tetraborates, fo ‘ 2 Mt) resel 
estimation of the specific rotation of the BD compound, ‘ - Sey 
Sodium tetraborate: @, potassium tetraborate, 1, 10 ¢ of K,ByOr.4H,O ‘ 10 2s th 
per 100 mil; 2, i { Nay ByOr.10H,0O per 100 ml; 3, 6g of Kg ByOr. 420 per 10 i 20 5. i th 
1, 6 ¢ of Nay ByO:.10H,20 per 100 ml 
0 0.00 pe 
4. Sucrose , . 9 se ort 
— { i tie | 
It was noted by Miintz in 1876 [40] that the , 
» » ‘ = al 
addition of borax to solutions of sucrose causes a 6 10 1. 90 
lowering of optical rotation. The change is not ; 20 NI 
: : rv: 
nearly so large as that found for most sugars, vet 0 0 0.00 
° Th 1 Dulin 
TABLI t. pec Sic otation oO} sucrose in aqueous solutions : F * I ( 
containing tetraborate 10 ‘ 67 ‘ I), ty 
} 0 12 ( ol 
1. SODIUM TETRABORATI ’ a sins Ivp 
t 
Nao ByOr.10H)O la pH ? ” wiles pannil 
—_ or 
Moles . ( 
vr mole . ° . ‘ q 
a it is substantial and cannot be explained merely tial 
“om ‘ : ? tie 
, pl nr the action of the alkali or by a salt effect. Su 
‘ . . ron 
2 64.2 has no adjacent cis hydroxyl groups, and cons 
2 wo 63.1 1 : ; » > mntau 
; i T quently it cannot form compounds of the BD: 
| . "i sel 
2 2. 69 60.4 12 BD, types. Presumably for this reason, it does) \ 
° > s > | e 
‘ ao - appreciably affect the conductivity of bori 
. em ° . ‘| 
' 22 64.7 0 solutions.® The results, given in table 4 and fig 
j 2 15 63.5 a 9 a 4 ‘ nary 
' . . a i “ 5, show that the change in optical rotation va 
' 61.0 12 with the concentration of both sugar and bor -4 
f ( 0.00 fit but in contrast to the results obtained with glucos 
> . inn 
1s 65.0 74 fructose, and sorbose, the change Is greatest i TI 
t 2 a 63.8 8 > be : . Le | 
‘ #0 62.3 0 most concentrated solutions. The optical rota nit 
6 w) 61.4 0 can be explained by the formation of a sing 
ai i sucrose-borate compound, which in dilute aqu 
ov 65.4 : solutions dissociates in part. Presumably the: 
2 — 64.4 8.2 . > ° 
, , . ons a pound is of type A and is analogous to the 
f 4 62.1 8.9 pounds formed by | ,3-diols. 
Ww ”) 60 s —EEE 


See footnote 4. 
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5. Mannitol 


Vignon [1] observed that the optical 
mannitol is enhanced by the addition 
d made extensive studies of the effect 
ntration of both mannitol and borax. 
hse ly, Muller [30] made similar measure- 
ts 4 applied them to the quantitative esti- 


yatlor mannitol. It was observed early that 
» addition of mannitol to solutions of boric acid 
arked increase in acidity [2] and electri- 
conductivity. The studied 


and a method has been devised for the 


uses a 
effect has been 
tensivel’ 
termination of borie acid by titration in the 
resence of mannitol [41]. 

Several mannitol-borates have been crystallized, 
t there is conflicting evidence in the literature as 
the number and nature of the mannitol-borate 
Fox and Gauge [11] 


mpounds 1n solution. 


ported a crystalline compound having acid 
roperties, and the empirical formula C,H,;O.B, 


i did not assign a structural formula. It has 
e been considered to be of the BD type [6]. 
rystalline compound having 2 molecules of 
bunnitol and one of borate was prepared by Tung 
| Chang [16], who suggested a formula of the 
), type. Bremer [9] has disclosed the prepara- 
on of two amorphous mannitol-borate compounds 
type A, in one of which two diol groups of the 
bannitol are combined with borate. As noted 
fore, a crystalline acyelic mannitol borate con- 
ered to be 2-mannitol monoborate is formed by 
tial hydrolysis of the compounds of Bremer." 
From the optical rotations of a series of solutions 
taining increasing amounts of mannitol in the 
sence of decreasing amounts of borate, Béeseken 
(d Vermaas [29] concluded that the solutions con- 
ed substances of the BD and BD, types having 
6.80 and 


olar rotations of 4 3.26°, respectively. 


hese values correspond to specific rotations of 


‘4 and +8.96°, based on the weight of 
nn tol 
lhe data given in table 5 and figure 6 show that 


annitol has an exceptionally high capacity for 
439 meeting of the American Chemical Society in Balti- 

Holst reported the preparation and identification of this 

He showed that the compound is different from the 

f Fox and Gauge, which has the same empirical formula 

tter compound to be 1l-mannitol monoborate However, 

structure proposed 


t appear to preclude the cyclic 1,2 
! Holst's work 


Fox and Gauge compound To date 


brate-Carbohydrate Compounds 


The mannitol-borate 
first, in that the 
equilibrium specific rotation varies linearly with 


combination with borates 
solutions are characterized 
the tetraborate-mannitol ratio over a much wider 
range than that found for other carbohydrates, 
and second, in that the specific rotation is sub- 
concentration at all 

The approximately 
linear relationship between the specific rotation 
and the tetraborate-mannitol ratio extends to a 


stantially independent of 


tetraborate-mannitol ratios. 


ratio of about 0.5. This is evidence for the 
formation of a relatively stable mannitol-borate 
compound having 1 molecule of mannitol for each 
borate group. The intercept of the linear curve 
with the ordinate corresponding to a tetraborate- 
mannitol ratio of 0.5 indicates that the specific 


rotation of the compound is approximately + 22° 


TABLE 5 Specific rotation of mannitol in aqueous solutions 
containing le traborate 
A. SODIUM TETRABORATE 
Mannitol Nae BO. 10H,O [a];, pH 
Mol+s 
per mole 
of 
09 ml g'100ml mannitol 
Ww 4.77 +34. 5 
2 0 0.00 0.5 
2 I a4 +10.2 7.4 
y 2 4s 2.1 &. 1 
2 4 ” 7.8 & 
2 f 1.43 0.5 ao 
2 10 2. 39 2 8.9 
a 1. 50 1.0 
‘ ( 0.00 U 
4 12 +4.7 ’ 
1 2 4 10.2 6.7 
4 4 is Mm. 2 7.8 
4 t 72 25. 2 s.1 
j 0 1.20 2Y s.4 
( ( 0.00 0.4 
( Os 0 
é 2 6 6.4 8.0 
‘ 4 2 14 s.4 
‘ f 4s 20.1 s 
‘ i] ~~ 0 s 5 
® i Oo 23.4 
1( 0 ow 0.4 
0 l iD) 1.7 19 
10 2 10 8 50 
Kt i ’ 8.1 7 
Ww i) 29 12.8 6.5 
1 8 ts l 
10 0 1s n” 7.9 
10 12.8 61 Pa 
12 10 ) 17.7 
14 lf 4 15. ¢ 
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TABLE 5. Specific rotation of mannitol in aqueous solutions 
containing tetraborate—Continued 


B. POTASSIUM TETRABORATE 
2ByO: AHLO 


Moles 
per mole 
of 
annilo 

0.00 


The compound might be of type A, but this seems 


improbable because the proportion of the com- 


pound does not depend on concentration. It 
will be recalled that with glucose, fructose, and 
type A compound 


sorbose the amount of the 


varied widely with concentration. In view of 
the general character of the curve, it seems prob- 
able that the compound having a specific rotation 
of +-22° is of the BD, type in which D is only 

That is, the 


mannitol molecule acts as a di-diol, and 4 hy- 


one-half of the mannitol molecule. 
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droxyls instead of 2 are combined wit}; bo 
as represented in formula 1."! 

Figure 11 shows that the optical rotatio, 
mannitol in the presence of sodium tetra, 
approaches a limiting value of approximately 
with decreasing mannitol content. It j beli 
that this value approximates the optica! poty: 
of a compound of the BD type (formula 2 
involving 4 hydroxyl groups of the mam 
molecule. 


_ 7 CH,OH 


HO OCH 


CH.OH 
OCH 
OCH 
HO OCH 


HCO 
HCO OH 


HCO OH 








CH,OH 











The nearly complete absence of a concent: 
factor for the optical rotations at constant t 
borate-mannitol ratios is most surprising and 
mannitol, The ma 
changes in the optical rotations of tetrabor 


been found only for 


ES 





E 
4 
a 


+ 
°o 


+ 
oa 








Pad 


io 20 30 40. 50 @ 
GRAMS OF SORBITOL PER 100 ML 


SPECIFIC ROTATION (DEGR 


Figure ll. Limiting value Jor the specific rotal 


nitol at low concentration in the presence of tet 


estimation of the specific rotation of the BD co 


, Sodium tetraborate;@, potassium tetraboruts 1We 
per 100 ml; 2, 10 ¢ of Nap ByOr;.10H,O per 100 mil; 3, 6 g of K 
100 ml; 4, 6¢ of Nap ByOr.10H,O per 100 ml 


As joining molecules by quadricovalent boron would i 
ular weight, it may explain the striking effect of borates on t 
other properties of polyuronides such as algin and certain gu 
tain a pair of cis hydroxy! groups in the repeating unit. 1 
of boric acid on the physical properties of high molecular w 
not having neighboring cis hydroxyl groups may arise fron 
by ester linkage through tribasic boric acid 
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raborate-fructose, and tetraborate- TABLE 6. Optical rotation of mannitol in the presence of 
tions with change in concentration 10 g of Na:B,O;.10H,O per 100 ml of solution 
ted to changes in the proportions of 
f the BD., BD, and A types. The ma otay 
rked change in the optical rotation of waee 
mannitol solutions with alteration in 
on may arise from a fortuitous com- 
of optical rotations and from the lack 
ntial quantity of a compound of type A 
tions investigated. 
the objects of the present investigation 
; to obtain data for use in the quantitative 
of polyhydric alcohols. In the phar- 
al trade, it has been customary to 
the purity of mannitol by measuring 
cal rotation of 10 g in a solution contain- 
»S ¢ of borax, and sufficient water to make a 6. Sorbitol 
me of 100 ml. Under these conditions, [a]? 
ported to be +23 to + 24° [42]; we have found 
os 23.5° +0.1. Although 12.8 ¢ of 
orax can be held in solution by 10 g of mannitol 
volume of 100 ml at 20° C, with smaller 
intities of mannitol this quantity of borax will 


The effect of borax on the optical rotation of 
sorbitol was reported by Fischer and Stahel [43]. 


Béeseken and Vermaas [29] studied the optical 
rotations in a system in which both the sorbitol 
and borate were varied simultaneously. It has 


been found that the rotations of fixed quantities 
i dissolve. Less difficulty was experienced with en , 
- : of sorbitol in the presence of increasing quantities 
tions containing 10 g of borax per 100 ml, and 
' a ; of tetraborate are shifted in the same direction 
s quantity was used with various quantities of : — 
Pati ; j as those of mannitol, but the results differ in (1) 
nnitol to obtain the data reported in table 6 é' ' : 
nr ; the length and character of the linear portion of the 
The optical rotations do not vary ' : : : 
‘eae curve, (2) the effect of concentration at fixed 

arly with the concentration of the mannitol, ; se 
tetraborate-polyol ratios; and (3) the magnitude 
by extrapolation between values, the con- . : 
of the effect of tetraborate upon the rotation 
yntration of mannitol corresponding to any # mt m one . : 
' , : (fig. 7 and table 7). The curves for sorbitol are 
bserved reading can be ascertained with an ; ; 
é: linear to a tetraborate-sorbitol ratio of only 0.16, 
racy of about 1 part in 200, . ; 
whereas the mannitol curves are linear to a 





[ tetraborate-mannitol ratio of approximately 0.5. 
Hence, there is no reason to assume that sorbitol 
acts as a di-diol, as does mannitol. Extrapolation 
of the optical rotations obtained at low tetraborate- 


sorbitol ratios to a ratio of 0.25 gives a value of 


5 INA 2 OM TUBE 


3°, which presumably corresponds to the specific 
rotation of a compound of the BD, type. At high 
tetraborate-sorbitol ratios, the rotations approach 


a limit of +11 to + 12° (fig. 13). Presumably, 


ROTATION 


this value corresponds to the specific rotation of a 


compound of the BD type. The specific rotation 





OPTICAL 


at fixed tetraborate-sorbitol ratios above 0.2 


decreases with increasing concentration. This 





5 7 9 " 13 5 


GRAMS OF MANNITOL PER 100 ML indicates: the formation of a compound of type 
A which is less dextrorotatory than the compound 


()ptical rotation of mannitol in the presence of 


Na: B,O;.10H,O per 100 ml of sélution, of either the BD, or the BD type. 
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TABLE 7 Specific rotation of sorbitol in aque 





+ 
b 
°o 


containing tetraborate Continued 


B. POTASSIUM TETRABORATI 


g 


K2BysO: 4H2O 


Moles 


per mole 











+ 105 


SPECIFIC ROTATION (DEGREES) 


GRAMS OF MANNITOL PER I00 ML 


Fieoure 13 Limiting value for the specific rotation of sor- 
bitol at low concentration in the presence of tetraborates, for 
estimation of the specific rotation of the BD compound 


Sodium tetraborate; @, potassium, tetraborate. 1, 10 ¢ of K,»B,O;4H,)O 
nl; 2, 10 @ of Na,» ByO:.10H)O per 100 ml; 3, 6 ¢ of K,B,O $H,0 per 
6 ¢ of Nap ByO:.10H,O per 100 ml 


Specific rotation of sorbitol in aqueous solutions 


containing tetraborate 
A. SODIUM TETRABORATE 
2 ByOr.10H20 


Moles 
per mole 
of 
sorhitol 

1.78 


From a study of optical rotations and other: 
Béeseken and Vermaas [29] concluded that 
sorbitol-sodium borate system is not so simp 
the mannitol-sodium borate system, and that 
high borate-sorbitol ratios there is eviden 
the existence of a bivalent ion, B,D™.  Althow 
this substance may be formed, the results o 
present investigation do not provide clea! 
dence for its presence. If formed, it wou 
analogous to compound 2, page 142, whi 
suggested for the mannitol system 

The quantitative determination of sorbit 
various concentrations by measurement of op! 
rotations in the presence of borax is not pos 
because the values are small, and the chang 
the observed optical rotation at const { 
borate concentration shows a reversal 
creasing amounts of sorbitol. This a 
behavior is illustrated by the data of tab 
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cal rotation of sorbitol in the presence of 10g 2. Purification of Sugars and Sugar Alcohols 
B,O-.10H2O per 100 ml of solution 
The glucose and sucrose used in the investiga- 
Ohenrved tion were NBS Standard Samples, dried at 65° C 
in a vacuum oven. The levulose was purified by 
crystallization from a 90-percent aqueous solution 
with the addition of ethyl alcohol, and the sorbose 
and mannitol were recrystallized from water. 
The sorbitol was purified in the following manner: 
1 part by weight of commercial sorbitol was dis- 
solved in 3 parts of pyridine by heating on the 
steam bath. The solution was filtered through a 
Biichner funnel coated with a decolorizing carbon. 
The filtrate was seeded with crystals of the sor- 
einai bitol-pyridine complex, stirred for several hours at 
room temperature, and placed in a refrigerator 
IV. Experimental Details overnight. The crystalline material that formed 
was collected on a Biichner funnel and washed 


1. Purification of Tetraborates with a mixture of 2 parts of ether and 1 part of 


1) Sodium tetraborate (Na, B,0-.10H,0 pyridine. The pyridine complex was recrystallized 
: ' : twice from 3 parts of hot pyridine and then de- 
P. grade, was recrystallized from : ee 
. composed by heating for 18 hours at 65° C in a 
ater by following the procedure recommended ' 


r standard borax for use in acidimetry [44]. vacuum oven. The product thus obtained was 


recrystallized from 3 parts of hot 95-percent ethyl] 
b) Potassium tetraborate (K,B,0-.4H.0 alcohol by allowing the solution after seeding to 
Potassium tetraborate hvdrates having 4. 5 cool over a period of 24 hours without stirring. 


).5 molecules of water of crystallization have Under these conditions anhydrous sorbitol crys- 


en reported [45]. The commercial product, tallizes in large rosettes of fragile needles that can 
beled a pentahydrate, ordinarily has an inde- be readily separated by filtration.” The crystals 
nite amount of water. The potassium tetra- ‘®T™ collected on a funnel and after « scvene 
rate used in this investigation contained 4 crystallization, were air-dried, and finally dried to 
olecules of water of crystallization and was pre- — CONStnt weight at 65° C in a vacuum oven. 


in the following manner: 500 ¢ of boric 


— 3. Measurement of Optical Rotation 
was suspended in 750 ml of water, and treated 


ith 295 ¢ of C. P. potassium hydroxide dissolved The solutions for the measurement of optical 
D100 ml of water. The mixture was heated to rotation were prepared by weighing the required 
solve the boric acid and was then filtered. amounts of carbohydrate and tetraborate into a 
ie filtrate was evaporated to 750 ml, cooled to volumetric flask. The mixture was dissolved in 
C, seeded with potassium tetraborate tetra- water, and the volume of the solution was adjusted 
vdrate, and allowed to crystallize under con- at 20° C. In a few cases it was necessary to warm 
nt agitation. After 3 hours the crystals were the solution slightly to effect complete dissolution 
inated and washed with ice water. The pro- of the materials. In all eases, the solutions were 
Was reerystallized by dissolving it in a allowed to stand at 20° C for at least 2 hours or 


nmum quantity of hot, 5-percent aqueous until the optical rotation had become constant 


lassium hydroxide. The substance was _ al- Readings were made with a Bates saccharimeter, 
ed to crystallize as before, separated by filtra- in a water-jacketed, 4-dm tube at 20° C and were 
shed thoroughly with cold water, and checked by a second observer. The values given in 
room temperature in air. The product the tables were obtained from at least two separate 
ned gave the following analysis [46]: determinations, in which the observed rotations 
lated for K,B,O;4H,O: K,O, 30.83; B,O,, 
Found: K,O, 31.0; B,O,, 45.7. 


2 1f crystallization occurs rapidly, bulky masses of microscopic needles 
form, which are difficult to separate from the mother liquor 
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agreed within 0.1°S. The saccharimeter readings 
were converted to angular degrees by use of the 
conventional factor, 0.3462. Some of the measure- 
ments reported in the tables were made on super- 
saturated solutions, but in these cases, care was 
taken to be certain that the solutions remained 
optically clear until the measurements were 
completed. 


V. Summary 


The present study indicates that the addition of 
either sodium or potassium tetraborate to a solu- 
tion containing glucose gives rise to a diglucose 
+ 40° 
(expressed on the glucose content). This substance 


borate having a specific rotation of about 


exists in equilibrium with a monoglucose borate 
9° and a third 
+58°. The 
proportion of the diglucose borate having a rota- 
40° is highest when the tetraborate-glu- 
As the ratio is increased 


having a specific rotation of about 
compound whose rotation is at least 


tion of 
cose ratio is about 0.25. 
above 0.25, the proportion of this compound de- 
creases with the formation of the levorotatory 

and the 
-58°. The former compound 


monoglucose borate substance whose 
rotation is at least 
is favored by dilute solutions and high tetraborate- 
glucose ratios; the proportion of the latter com- 
pound is highest in concentrated solutions at a 
ratio of about 0.5, and 


creases as the tetraborate-glucose ratio increases, 


tetraborate-glucose de- 
presumably because of the accompanying decrease 
in the hydrogen ion concentration. According to 
the and the 
ratio, the equilibrium specific rotation of p-glucose 
+ 58 


concentration, tetraborate-glucose 
in the presence of tetraborate varies from 
to og 

Similar studies with p-fructose, L-sorbose, and 
that 
tetraborates in essentially the same manner as 


sorbitol show these substances react with 


In each case, evidence was obtained 
The 


compounds favored by a tetraborate-carbohydrate 


p-glucose 


for the existence of three complex borates. 


ratio of 0.25 have specific rotations of approxi- 
mately —45 5° and +3°, based on the weights 


of fructose, sorbose, and sorbitol, respectively ; the 


compounds of the same carbohydrates favored 
by dilution and high tetraborate-carbohydrate 
ratios have specific rotations of approximately 

22°, +16 12”. 


, and In each case, inflections 
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in the and the effect of 





curves COncentrat i 

indicate the presence of a third compou; | | P 

The mannitol-tetraborate system differs myo | 
edly from the other systems investigate: jp ‘ ; 
the specific rotation depends almost com) ete) 
the tetraborate-mannitol ratio, and at q | 
ratio does not vary with concentration, 7 
change in optical rotation with increasing | 
borate-mannitol ratio is linear to a ratio of»: Mik . 
This is evidence that a relatively stable « ompo . 
having a mannitol-borate ratio of 1:! ay 
specific rotation of + 22° is formed. It is belj 
that four hydroxyl groups of mannitol are inyo! . 
and that mannitol acts as a di-diol. At hig a 
tetraborate-mannitol ratios. the optical rota: mI 
approaches a limit of +36°. Presumably 
rotation corresponds to that of a second manni: | 
borate compound. A table for the quantitat } 
determination of mannitol from measurements 
optical rotations in the presence of tetraborates Mili 
given. pl! 

The optical rotation of sucrose is some . 


decreased by the addition of either sodiun 


potassium tetraborate. The alteration i 
in concentrated solutions, and is expl 
compound formation. 


more than one sucrose-borate compound 
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Effect of Inhibitors on the Corrosion of Zinc in 
Dry-Cell Electrolytes 


By Clarence K. Morehouse,' Walter J. Hamer, and George W. Vinal 


This paper deals with a study of substitutes for mercury and chromate films in curtailing 
the corrosion of the zine anode of Leclanché dry cells at high temperatures. Organic com- 
pounds containing the carbonyl group (such as furfural), heterocyclic nitrogen-containing 
compounds like quinaldine, and certain commercial products were found to be effective in 
retarding the corrosion of zine in dry-cell electrolytes. 

Although these types of materials retarded the corrosion of zinc, dry cells made with 
them did not have the expected increase in shelf-life or electrical output. The inhibitors 
either reacted with the paste wall to decrease its strength, or formed an insoluble film over 
the entire surface of the zine anode that contributed to its internal resistance. No paral- 
lelism was observed between the electrical out put of the cells and the percentage of inhibitor 
ised in their construction. On the other hand, the paste wall of the dry cell, which is 
isually a starch-flour gel, was found to have inhibiting properties. Starch was inert, but 
flour had inhibiting properties. The active inhibiting agent of the flour is gluten. The 
constituents of gluten, namely, glutenin, and gliadin and mesonin in different states of 
aggregation were isolated, and the last two were found to be effective in retarding the cor- 
rosion of zinc. These materials can be incorporated in dry cells and increase their capacity 


at moderate temperatures. 


I. Introduction able electrical energy, and (2) the corrosion reac- 
tion (local action), which is a side reaction, and 





When t ‘Leck hé pe ‘vy celliss jecte . . . . r 
hen the Leclanché type of dry cell is subjects d from which no electric energy is available. These 
high-temperature storage, one of the sources of two reactions may be formulated as follows: 


, 


hlure is the ‘reased rate ‘Orros! ] zine 4 - ‘ : : 
re he increased rate of corrosion of the zinc 1. The dry-cell reaction (2, 3] in which no H, 


Bode |! Phe zine anode also corrodes at normal gas is formed: 
uperatures (18° to 30° C), and it is common 
netice cither to amalgamate the zine or to use Zn+2 MnO,= ZnO. Mn,Qs. 
| 
Mromate films to curtail local action. At high . , — . . 
, , s 2. Corrosion reaction in which H, gas is formed: 
i rature neither of these methods is so effec- 
_— = vield good shelf life. In this paper Reaction at anodic areas: Zn=?Zn** +2e, 
ernate methods are described, including the use . 
hibit xs ; Reaction at cathodic areas 
S iviubitors and modifications of the paste wall 
: ierease its inhibiting properties. Zn**++2NH,Cl4+ 2e—Zn(NH;).Cl.+ Ho, 
Ml he theory of corrosion inhibitors is still in the : : 
_. aay Over-all corrosion reaction: 
mative stage, and their choice is largely a matter 
_ it | error. However. the principles postu- Zn+2NH,Cl Zn (NH3).Ch + Hp. 
: ' ° » ° 
oe tor The corrosion of steel may be considered. 


rl . . . 
t| . The corrosion reaction may also be considered 
r cell the reactions are of two types: (1) ; . 
; , more simply as the discharge of hydrogen ions that 
charge reaction, which gives the avail- . ; ‘ 
' penetrate to the cathodic areas of the zine can. 
lustries, Western Cartridge Co., East Alton, Ill The corrosion and the cell-discharge reactions are 
ts indicate the literature references at the end of this 


not the same, and it should be possible to retard the 
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corrosion reaction without materially affecting the 
discharge reaction. In order to accomplish this, 
the cathodic areas of the zinc must be made more 
anodic, or the anodic areas must be rendered inef- 
fective until from the cell. 


Amalgamation of the zine and chromate films 


current is drawn 


function in this sense. 

In the steel industry, organic substances are 
added to the acid pickling bath to inhibit the cor- 
rosion of the metallic iron. The theory of these 
inhibitors is that they form an ionizable salt with 
the acid, whereby positive inhibitor ions are formed 
that are attracted by electrical 
They are not discharged but 


forces to the 
cathodic areas. 
replace the iron ions in a Helmholtz double layer, 
and when a state of equilibrium is attained they 
form a protective layer over the metallic surface. 
The effectiveness of this laver depends on its 
ability to prevent hydrogen ions from penetrating 
to the cathodic areas where they are discharged. 
The size, nature, position on the metallic surface, 
and the closeness of packing of the inhibitor ions 
will determine the effectiveness of this protective 
layer. 

These types of inhibitors are classified as cath- 
odic inhibitors. Attention was given to this type, 
because in the dry cell it is desirable that the cor- 
rosion of the zine be inhibited by stopping the 
corresponding cathodic reaction and not the 
anodic one, which is necessary for the production 
of electrical energy by the cell. An anodic inhib- 
itor, unless used in adjusted amounts, would not 
be desirable in that it would not only stop the 
cell-discharge reaction but might lead to localized 
corrosion and cause perforation of the zine can. 
Chromates act as anodic inhibitors, and experience 


with chromate films indicates that they either 


become ineffective when current is drawn from 
the cell, or that the chromates function differently 
in the presence of the paste wall (starch-flour 
gels). 

In many corrosion problems it is possible to re- 
duce and sometimes eliminate the corrosion by 
altering the existing environments. With dry 
cells, however, the environments are necessary 
from the standpoint of electrical output and little 
The electrolyte in 
the usual type of dry cell consists of aqueous solu- 
There is 
an abundance of chloride ions, which are small in 


changes can be made in them. 


tions of ammonium and zine chlorides. 
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ionic volume, very mobile, and highly po vetryy 
Dry cells have been made with electro! ytes yoy, 
posed of salts of anions other than eh oric 
with little success. 
the standpoint of electrical output, becays, 
prevent the anode from becoming passive \ 


Chlorides are necessary { 


the cell is discharged. Therefore, stiucies , 


confined to concentrated aqueous solutions 
ammonium chloride with or without additions 
zine chloride. The corrosion rate of th 
anode may be altered somewhat, but not sy 
icantly, by changing the concentration of th 
ride or by using zine containing various pe: 
In this work, comm 
zine containing 0.25 to 0.60 percent of cadn 


ages of other metals. 


0.20 to 0.60 percent of lead, and less thar 
percent of iron was used. 


II. Experimental Procedure 


The rate of corrosion of the zine was \ 
mined by a method suggested and used by | 
Craig, in which the amount of hydrogen t 
evolved under controlled conditions is meas 
The apparatus consisted of an inverted test 
closed by a rubber stopper through which pas 
a capillary tube (fig. 1). Within the test tub 
sample of zine and electrolyte were place 
electrolyte completely filling the test tub 
capillary tube. In the inverted position, t! 
liberated at the zine rises in the tube and « 
an equal volume of electrolyte through th: 
lary tube. 
day, and the volume of gas evolved was caleu 


The tube was weighed from da: 


from the change in weight and the known de 
of the solutions. Measurements were ma 
54° C, a temperature reached in storage 
tropics during the past war. In some 
ments ther ate of corrosion was determined 
loss-in-weight method, considered later 


III. Results 


Data given in tables 1 and 2 show the effi 
amalgamation and of chromate films on the 
corrosion of zinc in ammonium chloride ! 
tained at 54° C. AA-size zine cans (17/32 
diameter and 1%, in. in height) were used. \ 
amalgamation of the zine nor use of chr 
films was as effective as desired at 54° © 
decreases the mech 


excess of mercury 


strength of the cans. 
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TABLE 1 Effe cl of amalgamation on the corrosion of zine 
F neat electrodes at 54° C 
wire eke) 
* “a 


|AA-size zine Cans totally immersed in 20° NH,Cl solutions] 


Hydrogen evolved at 
5 * for 
HeCl, per AA-size zine can 


cork ¢ 
stopper 


The inhibiting properties of a large number of 
materials were studied. They may be classed as 
commercial or industrial by-products, organic 
compounds, inorganic compounds, and colloidal 








materials. The organic compounds may be sub- 
divided into noncyclic and heterocyclic nitrogen-, 








oxygen-, or sulfur-containing compounds. — Iso- 





evelie compounds would not be expected to be 
effective inhibitors because of their symmetry. 
The one tried, salicyl aldoxime, was not effective, 


as anticipated. 
electrolyte 
solution 


Results obtained with D-size zine eans (1 in. 





in diameter and 2 in. in height) immersed at 
54° C in saturated aqueous solutions of am- 
monium chloride to which certain commercial 


measuring the rate of corrosion of products or organic compounds were added are 


zine cans. given in tables 3 and 4. The data were extensive, 


Effect of chromate films and dichromates on the corrosion of zine electrodes at 4 4° C 


A A-size zinc cans totally immersed in urated NH,C1 solu 


5 days 10 days 


veloped by the New Jersey Zinc »., Involves the treatment of the zine with a solution containing sodium dichromat 
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Effect of certain commercial inhibitors on | ness may be made from the average | 

osion of zinc electrodes at 54° C percent of inhibitor was used in 1 
i i i i i ll ai Lesser amounts were generally inefl 

Ided larger amounts, as will be shown later, 
sirable in dry cells. 
——— giana Of the commercial inhibitors, only t 
thiuram disulfide, the commercial oils, ; 
ste of the proprietary compounds of unk: 
position were more or less effective. \ 
position of these materials was unk 
general principle for making a choice 
inhibitors could be deduced from th: 
Consequently, known organic and inorg: 
pounds were studied next. 

The results obtained with organic comp 
tango _ i ai : show that noneyclic compounds have litth 
compounds of the mereapto type . inhibiting action with the exception of croto 

hvde. In fact most of these materials w: 
and consequently only an average corrosion rate is rosive. Crotonaldehyde exhibits resonan 
listed for each material. This rate was obtained conjugated double bonds, and contains t) 
by dividing the total volume of gas evolved by the bonyl group (=C=Q). Mann [4] has show: 
time (in days) of the test. The rates varied some- the carbonyl group is effective in preventing 
what with the time, as shown in figure 2, for the rosion of steel. He explained this by the | 
better inhibitors. However, a preliminary choice tion of oxonium compounds, which ioniz 
of inhibitors and a comparison of their effective- a positively charged ion as follows: 





| 
| control 


A-naphthoquinoline 


54°C 


at 


CJ crotonaidehyde 


> p-dipyridy! 


hydrogen 


commercial 


of 


Milliliters 








>—————9 quinaldine 


40 50 60 70 80 90 





Time — Days 


Figure 2 Inhibiting action of some materials as a function of time, on the corrosion of zinc in saturated so 


monium chloride at 5 e 


; 
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H HH 
> # 
=C-C=0 


furfural fury! alcohol crotonaldehyde 


(good) (poor) (good) 


H H 

, i 

. So E-N=C-CC-H 

0 o” 

t 

+ _— furoin 

H-C-C C-—H P 
No’ (fair) 


hydrofuramide 


(good) 


nhibiting action o/ compounds with and without the carbonyl group ‘<Q) on the cor- 


osion of zinc in saturated solutions of ammonium chloride at 54° ¢ 


Paste 4 Eflect of organic compounds on the corrosion of zinc electrodes at 54 


rsed in saturated NH,C1 solutions to which 1 percent of inhibitor was added unless otherwise indicated 


NITROGEN-CONTAINING COMPOUNDS 


ml Hy»/day 
; Control 

Sulfanilie acic 

Anthranilic acid 

Benzidin 

l'riethy! amine 

Dipheny] thiocarbazide 

Dipheny! carbazone 

Aniline 

Dipheny! carbazicde 

Aldehyde ammonia 

Ethanol amine 
o-Tolylurea ? 

Diethanol amine 


Dipheny! guaniding 


ulfur in the ring. 
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TABLE 4 Effect of organic compounds on the corrosion of zine electrodes at 54° C—Continued 


yawars 


Heteroevelic 


Compount ‘ompount 
mpound Number Dere- Rate of Compound 


of tion of corrosion 


rings test 


OXYGEN-CONTAINING COMPOUNDS 


Ascorbic acid 
Brucine 

Furil 

Fury! alcohol 
Furion 
Hydrofuramide * 
Furfural 


SULFUR-CONTAINING COMPOUNDS (ALL 


Phiophenol 
Sulfanilie acid 


Diphenyl! thioearbazice 


* Also contains nitroge 


The positive ion is attracted to the cathodic areas 
of the steel and held there in a Helmholtz double 
laver, thereby increasing the hydrogen overvoltage 
of the cathodic areas 

The effect of the carbonyl group in retarding 
the corrosion of zine is clearly shown for hetero- 
Furfural contains 
inhibitor. 
When the carbonyl group is converted to an alco- 


evelic compounds in figure 3. 

the carbonyl group and is a good 
holic group by the addition of strong alkali, a 
compound, furyl alcohol, is obtained that has no 
inhibiting properties. It might be expected that 
furil would be an excellent inhibitor, as it contains 
the 
case, apparently because the carbonyl groups are 


two carbonyl groups. However, this is not 
effectively shielded from the zine surface by the 
furan groups, or close packing of the positively 
charged ion on the zine surface is not possible. 
The 
phenyl thiocarbazide, or di-o-tolylurea as inhib- 
The 
carbonyl! or sulfonyl group in these compounds is 
shielded from the zine surface by the phenyl or 
Furoin inhibits slightly the cor- 


ineffectiveness of diphenyl carbazide, di- 


itors may be explained on the same basis. 


toluyl groups. 
rosion of zinc, and therefore the carbonyl group 
in this compound must be attracted to the zine 
surface. Hydrofuramide, which contains three 
furan groups, probably owes its inhibiting prop- 
erties to the nitrogen and acts as a positively 
charged amine ion. 
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Formic acid 
Monochloracetic acid 
Aldehyde ammonia * 
H ydroquinone 
Resorcinol 

Pentane dione 
lannie acid 

Benzoic acid 
Crotonaldeh yde 


NONCYCLIC 


Sulfonated castor oil 
Potassium ethyl! xanthate 


Ammonium sulfate (inorganic 


Heterocyclic compounds were the most eff 
third ring 
This is s| 


Pyridine, piperidine, e-picolin 


inhibitors, providing a second or 
attached to the heterocyvelic group. 
in figure 4. 
8-picoline, which are simple heterocyeli 

pounds containing nitrogen in the ring, had 
or no inhibiting action, although these compo 


may form addition compounds with acids or \ 


and subsequently ionize to positively cha 
On the other hand, phenyl and naphth 
derivatives, such as quinoline, p-dipyridyl, 4 
dine, 8-naphthoquinoline, and B-naphthoqu 


Here th 


tively charged ion is attracted to the cat! 


1oOns. 


dine do show inhibiting action. 


areas at the nitrogen, and the large mol 


being unsymmetrical, is inclined at an ang! 


the zine surface whereby a large area of thy 
surface is effectively covered. p-Dipyrid 
attracted to the zine at both nitrogens and | 
ably lies flat on the surface of the zine a 
These 


agree, in the main, with those of Mann |4 


therefore a good inhibitor. 


better proprietary materials probably were he' 


cyclic compounds. The compound, 8-hyd 
quinoline shows no inhibiting properties, 2s 


OH- 
molecule in its vicinity. 


orientation of the W 
This effect 


influences the position of the inhibitor 


group favors 


on i 


Helmholtz double layer. 
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probi 


ee ats en 


ey 
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L 2 


N 
+ 


N-H N 
+ + 


Pyridine Piperidine Quinoline 


(poor) (poor) (good) 


N 
+ 


a-picoline A-picoline Quinaldine 


(poor) (poor) (good) 


oO oy 


p-dipyridy! A -naphthoquinoline 


(good) (good) 


oy OO) 
N N 
a; <a + OH 


8-hydroxy quinoline 
(poor) 


A -naphtnoquinaldine 


(good) 


| Comparison of heterocyclic-nitrogen containing compounds showing the effect of molecular size on inhibition 


of corrosion of zinc in saturated solutions of ammonium chloride at 54° C. 


V. Electrical Characteristics of Dry Cells 
Containing Inhibitors 


In the foregoing it was shown that a number of 
ganic compounds effectively curtail the local 
orrosion of zine in saturated solutions of am- 
nonium chloride. A few principles were outlined 
or making a choice of possible inhibitors. To 
Mictermine whether these inhibitors could be 
uccessfully incorporated in dry cells, a number 
f D-size cells were made in the usual manner 
better 
worporated The inhibitors 
hito the cells in one of three ways: (1) by spinning 
n alcoholic solution of the inhibiter on the zine 


an and removing the alcohol by evaporation, 


which some of the inhibitors were 


were introduced 


2) by adding the inhibitor, if soluble, to the 
lectrolyte of the paste wall, or (3) by grinding 
« inhibitor with the cereal (starch and flour) 
efore the paste wall was gelatinized. 

On the whole, dry cells made with inhibitors 
id not vive the expected increase in shelf life or 


output. The inhibitors either reacted 
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with the paste wall and decreased its strength [5], 
or formed a high-resistant film on the zine. In 
the latter case, these compounds probably form 
an insoluble precipitate over the entire surface of 
the zine, which stifles not only the undesirable 
reaction, but also the cell-discharge 
reaction. In facet, Bartram and Kent [6] have 
shown that zine and quinaldinic acid react. to 
Similar 


corrosion 


form an insoluble complex precipitate. 
complex precipitates may be formed between the 
zine and the other organic compounds. 

In tables 5 and 6, the results of “light industrial 
tests” of the cells are given. The “light industrial 
test” gives the time in minutes of discharge to a 
cut-off voltage of 0.90 volt through a resistance of 
4 ohms for 4-minute periods beginning at hourly 
intervals of 8 consecutive hours every day, with 
16-hour rest periods intervening. At 21° C, the 
electrical output of cells made with or without 
inhibitors is approximately the same after 1 week 
of storage. At high temperatures, however, the 
cells containing the inhibitors gave less output, 
probably for the reasons cited above. 











PaBLe 5 Light industrial tests 0} D-size dry cells containing 
inorganic or comme reial inhibitors 
Discharge after storage at 
Inhibitor * i an 
a” C, 
1 week 
I month 2months 3 months 
min min min min 
Control at 21° C, 0 “Rh “Kn Tél TN 
Control at 4° ©, 0 TSA 779 739 TOO 
NH,HF», 1.0° 776 
KoCr, Or, 2.0 779 ny 
Cronak treatment see TOS oi4 luz 
( ronak treatment, 10) se« it eo 24) 
Cronak treatment, 2) se« 706 Ho ee 
Cronak treatment, 40 se¢ ts (37 s4 
Cronak treatment, SO sec hay 733 a 
Cronak treatment St) Ser TIS TOS OSS 
Zine dibutyl - dithiocarbamat 
5 O76 we 
Commercial oils, 5.0 ¥24 458 5 33 
Proprietary compounds of un 
known composition, 1 to 10 74 “4 pL iv 


* Inhibitor was mixed with the electrolyte of the paste wall or ground with 
the cereal. The electrolyte consisted of 22.78 g NH,C1, 6.1 ¢ ZnCl, and 49.4 
ml of H»O. To this was added 7.15 2 each of waxy cornstarch, Buffalo corn- 

tarch, and Pillsbury XX XX wheat flour 
Stored at 4° C 


Stored at 21° ¢ 
192 minutes at the end of 4 months 


} minutes at the end of 4 months 


05 minutes at the end of 4 months 


Average of ® tests on different inhibitors 


Tasie 6. Light industrial tests of D-size cells containing 
organic inhibitors 
Discharge after storage at 
Inhibitor 54° ¢ 
=m ¢, 
1 week 
I month 2months 3 months 

min min min min 
Control at 21° C, 0.0 75S 7S 2781 ° 778 
Control at 4° C, 0.0 7SS 77¥ 739 700 
Furfural, 0.5 sce 644 ws 4 
Furfural, 1.0 S7¥ “iY 
Hydrofuramide, 0.5 524 411 257 
Crotonaldehyde, 1.0 wt 
(Juinaldine, 1.0 731 O48 
Quinaldine, 2.0 a7l td 
Quinaldine, HC], 1.0 731 ts 
Quinaldine. HC1, 10.0 82 
Fatty acids of corn, 0.02 $20 


Hydroquinone, 0.08 


rhe composition of the paste wall was the same as given in the footnote 
f table 


was ground with the cereal 


Che inhibitor was added to the electrolyte of the paste wall or 


Stored at 21° ¢ Stored at 4° C 


The amount of inhibitor to use in dry cells 


remains a moot question. Data obtained with 
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the proprietary compounds and with Crono) 
treatments for various times did not show gy 
electrical output and py. 
It is probable that ther 


correlation between 
centage of inhibitor. 
an optimum concentration for each  inhibiy 


However, considerable work would be 


sennie 
to ascertain this optimum concentratio i 
may depend on the concentration of the electroly 
and the composition of the paste wall, because ; 
inhibitors may react with the paste wall! 


V. Inhibiting Characteristics of the Pasi. 
Wall 


As the organic and other types of inhibitors | 
zine did not improve the shelf life or elect; 
output of dry cells, studies were made of 
organic substances commonly used in the pas 
It has | 
recognized that starch and flour not only proy 


wall (or separator) of the dry cell. 


a satisfactory separator for the dry cell, but als 
inhibit to some extent the local corrosion of : 
zine electrode, without affecting the elect; 
output of the dry cell. 
water 


Most colloidal particles are positively charge 


These materials may 
classed as dispersible organic colloid 
acid solutions and negatively charged in alka 
solutions. 
acid may then migrate to the cathodically ac 


These positively charged particles 


spots, which are thereby screened or poisoned 

In table 7 are given results obtained at 2) 
with zine immersed in saturated aqueous solut 
of ammonium chloride to which colloidal mate: 
The natural starches had little ; 

The only modified starch | 
appears to have appreciable inhibiting proper 
was a modified starch prepared by H. 5. Ist 
this Bureau. His method involved a treatm 
of starch chlorine dioxide, 
aldehyde end groups of the starch are conv 
to aldehyde groups. 

Cornmeal, zein, and starch glycerite all app 
On the other hai 
dextrose and the soluble starches, inulin and g 


were added. 
tective value. 


with whereby 


to have inhibiting properties. 
cogen, accelerate the corrosion of zine in satura! 


ry all 
The starches 


apparently have no protective value, beeaus 


solutions of ammonium chloride. 
they are not positively charged. In separa 
the amylose and amylopectin components 
the electrodialytic method, amy 
migrates to the anode, and amylopectin rem 
Amylose is therefore nega 


starch by 


ro 


stationary. 
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ap) 
r hat 
na 2 


ural 


o ind should be without effect on 
eort 
amy 


cep it in a soluble condition. 


used 


the 


of zine. The high corrosive effect of 
nay be attributed to the butanol that is 


Tar Results obtained with colloidal materials at 25° C 
mmersed in saturated NH,C1 solutions to which 2 per- 
ent of material was added] 
Juratio *« 
Material "aan | eanaien 
NATURA" STARCHES 
Days ml Hy/day 
25 0.43 
2.2) 
il 10 1.23 
4 " 1 0.70 
a» tH 
a ww 
a» M 
a AS 
S 25 52 
1) 4 
" uw iy 
3) uy 
NATURAL FLOURS 
wu 0.40 
= st) 4 
le 2 
ww OsN6) 
loo Os 
kK loo Ost 
1 Oso 
MODIFIED STARCHES 
( 25 0.43 
10 7 
( l LW 
M amylopectin th 0.91 
( wet m1) “0 
Hs ! nn uw 
4 25 is 
" 2 is 
4 uw) Hi 
4 ") 7 
A 5 277 
H- ) 
MODIFIED FLOURS 
0) 0. 
uM 7 
M) 14 
loo Ou4 
low (NT 
" 100 OSS 
4 
wo O68 
na soluble form, it is kept moist with n-butanol. The 
ylose may be caused by the presence of «-butanol, which 
; effect. 
the National Starch Co 
“upy RK. W. Kerr, Corn Products Refining Co., Argo, I 


Hf. S. Isbell, National Bureau of Standards 
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TaBLe 7. Results obtained with colloidal materials at 
25° C—Continued 


MISCELLANEOUS MATERIALS 


Material Duration Rate of 
of test corrosion 
Days ml H»/da 
Ammonium alginate | il 
Carpenter's glue 5 1.2 
Hydroxyethyl cellulose l 2. 5 
Carboxymethy! cellulose » 0. 57 
Casein 0 a4 
Agar agar 0 21 
Yellow corn meal Po) 17 
Hemoglobin 70 | 
A midex 0 15 
White corn mea! 100 1! 
Gelatin 1 l 
Powdered acacia 100 l 


The flours, with the exception of potato flour, 
which is low in protein content, all have inhibiting 
properties for the corrosion of zine. It is evident 
from the data that the effective ingredient in 
flour is gluten, the protein-containing material. 
Gluten consists of glutenin, and gliadin and mes- 
onin in different states of aggregation. Results ob- 
tained with these materials obtained from wheat 
flour by the combined methods of Stockelbach 
and Bailey [7] and Haugaard and Johnson [8] 
showed that with the exception of glutenin all 
were good inhibitors of the corrosion of zine. 
When these materials are incorporated in dry 
cells they increase somewhat the capacity of dry 
cells at 21° C. as shown by the data of table 8. 
Current maintenance is defined as the ratio of the 
flash (or short-circuit) current after an interval of 
storage to the initial flash current. Many com- 
mercial cells give better current maintenance than 
the experimental controls given here. However, 
cells with and without proteins (experimental con- 
trols) were made under the same procedure, and 
comparisons should be made with the experimental 
controls and not with commercial cells. On hy- 
drolysis the flour proteins give amino acids, 
Therefore, studies were made of the inhibiting 
properties of several amino acids, with the results 
given in table 9. The amino acids have no pro- 
tective value; in fact most of them accelerate the 
corrosion of zine. 

Other colloidal materials, including gelatin, 
agar, acacia, casein, and hemoglobin likewise have 
inhibiting action. Carboxymethyl cellulose, hy- 
droxymethy! cellulose, and ammonium alginate, 
which have been tried in the dry cell as substitutes 
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for starch and flour, have no inhibiting properties. 
Amidex, a degradation product of starch, has 


some inhibiting properties. 


TABLES Effe ct of protein films on the current maintenance ! 
of D-size dry cells at 21° € 
Current maintenance 
Num 
Type of paste wall ber « 
cells 1 ; " 1 5 
month months months year months 
( ntrol (« ! reh 
67 wheat flour Percent Percent Percent Percent Percent 
‘3 is 1 M4 ; ti 55 
‘ nstare h “7 ull 
luten 33 1 ST rr sD | l 
Control+mesonin filn ‘ 4 “ 7¥ sl 71 
( ntr m nin I 
film ; ) aS s4 
‘ r n nin Il 
film 2 ] ] a2 
Control+ghacdin film ; ~ 10 lu “4 
Contr +4° gliad 
film LA SS | 
font 1”) -ghad 
filn 4 v2 ~“ S3 
ntrol+neutral ! 
4° gliadin film t 4 sy s7 St) 7 
Current maintenance is the ratio of the flash (or short-circuit) current 
ter storage to the initial flash current 
Many commercial cells ve better current maintenance than these ex- 
perimental controls, but comparisons must be made with the latter 


All films covered the zine car 


TABLE 9 Effect of amino acids on the corrosion of zinc 
electrodes at 25° C 
) > 
Acid re Rate 

Days ml Ih, day 
Control 25 043 
Leucine 2. 32 
Aspartic acid 2.1) 
CGilutamic ! 14 
Arginine 10 ow 
rryptophane lo st | 
Control 25 3 
serine lo ~ 
Pheny! alanine » 7 
Histidine HC! 10 ” 
Valine 4) 53 
Alanine ") ‘1 


VI. Zinc-Corrosion Experiments by the 


Loss-in-Weight Method 


As the conditions in the gas tubes are not en- 
tirely similar to conditions in the dry cell, and as 
solutions of higher concentrations of starch and 
flour could not be conveniently and satisfactorily 
tested in these tubes, a few corrosion experiments 
by a loss-in-weight method were undertaken. 
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TABLe 10. 


Loss in weight of D-size zine cans oni), 
30 ml of paste after storage at 54° ( 


Loss in weight a 


Gel constituents ‘ 
4S hr 20hr 2 
g U] 
100°) water (distilled 
5 parts NH,C1 and 95 parts H@ 
\2 parts NH,C1] and 80 parts H,O 
1\30 parts NHC] and 70 parts H,»O 
40 parts NH,C1 and 60 parts HyO, 
Electrolyte mixture $2.2) NHC 
4.12%) ZnCl 0.04 0.19 
{21.5 ¢ cornstarch 05 2; . 
116.1 g cornstarch and 5.4 g wheat 
flour { 
10.7 ¢ cornstarch and 10.7 g wheat 
flour 
5.4 g¢ cornstarch and 16.1 ¢ wheat 
flour " 
21.5 ¢ wheat flour O5 Os 
21.5 ¢ waxy cornstarch 
21.5 g sweet potato starch 
, 2.0 ¢ carboxymethyl! cellulose On it 
2.5 ¢ carboxymethyl! cellulose ‘ 
{21.5 g¢ cornstarch and 21.5 g wheat 
flour 
16.1 ¢ cornstarch and 16.1 ¢ wheat 
pe flour 
10.7 g cornstarch and 10.7 ¢ wheat 
flour 
5.4 ¢ cornstarch and 5.4 g wheat 
Lf ur 
21.5 g cornstarch and 2.0 g gliadin 
} 21.5 ¢ cornstarch and 2.0 g gluten 
17.1 g cornstarch, 7.1 @ waxy corn 
starch and 7.1 ¢ wheat flour 
F }2.5¢ carboxymethyleellulose and 2.0 
‘| g gliadin 
2.5¢ carboxymethyleellulose and 2.0 
g gluten 
1.3 g carboxymethyleellulose and 
| 10.7 ¢ wheat flour 
The electrolyte mixture consisted of 46.1 ¢ of NH,C1 and 


in 100 ml. of H,O 
Added to 93 ml of the electroylte mixture 
$34 hours 
* Saturated; crystals of NH,Cl on can 


A paste of electrolyte and cereal was poured 
a D-size zine can of known weight, and m 
oil was poured over the paste to prevent evap 
tion. After storage in an oven at 54° C, th 
was thoroughly cleaned of paste and wei! 
Results obtained by this method, given in 
10(A) show the corrosive effect of the electro 
Concentrated solutions o! 


concentration. 
monium chloride are more corrosive tha 


a 


and the addition of zine chloride decreases | 


Results of 1 


rate of corrosion, as expected. 
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ww that a flour paste has more inhibiting 
than a starch paste (B) or a carboxy- 


pro : ; : 

met! lulose paste (C), in conformity with the 
resul tained with the gas experiments. The 
amo f flour in the paste (D) that is necessary 
to corrosion need not be very large. The 
resu i) also show that a starch or a carboxy- 
met! ellulose paste can be made less corrosive 
by the addition of small amounts of either flour, 
um vlaten, or gliadin. 


VII. Conclusions 


The results of this investigation have shown that 


the corrosion of zine in saturated solutions of 
ammonium chloride may be curtailed by organic 
compounds containing the carbonyl group, by 
heterocyclic nitrogen-containing compounds with 
one or more rings attached to the heterocyclic 
vroup, by certain commercial products, and by 
colloidal materials. Of these the heterocyclic 
compounds were the best. For example, quin- 
aldine, quinoline, furfural, p-dipyridyl, 8-naph- 
thoquinaldine, and 8-paphthoquinoline were bet- 
ter inhibitors of the corrosion of zine in dry-cell 
lectrolytes at 54° C than mercury (amalgama- 
tion) or chromate films. 

Of those materials found to retard the corrosion 
materials could be 


Most 


f zine, only the colloidal 


incorporated in dry cells. of the noncol- 


Joidal materials either reacted with the paste wall 


f the dry cell or formed an insoluble film, like a 
arnish, over the entire surface of the zine anode, 
internal 
reduced the electrical output of the dry cell. 


md contributed to the resistance and 
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It was found that the paste wall of the dry cell 
has inhibiting properties, provided it contains a 
colloidal protein like wheat flour. The 
inhibiting agent of the flour was found to be 
gluten. The constituents of gluten, namely, 
glutenin, and gliadin and mesonin in different 
Of these, 
gliadin and mesonin were found to be effective in 


active 


states of polymerization were isolated. 


retarding the corrosion of zine in dry-cell electro- 
lvtes. When these materials are incorporated in 
dry cells, they increase somewhat the capacity of 
the cells 


The authors are indebted to Alfred Douty and 
George S. Gardner of the American Chemical 
Paint Co., to C. F. Prutton of the Lubrizol 
Corporation, and to D. G. Miller, of the Reilly 
Tar & Chemical Corporation, for their coopera- 
tion during the course of this investigation and 
for furnishing many of the commercial inhibitors, 
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ermodynamic Functions for Molecular Oxygen in the 
Ideal Gas State 
By Harold W. Woolley 


The thermodynamic functions for molecular oxygen in the ideal gas state have been cal- 
culated using recent values of physical and spectroscopic constants. Values of C,°, H°— Ej, 
(F°—Eo)/T, and S° are given, directly calculated or interpolated, for every twenty 


degrees up to 700°K and for every hundred degrees up to 5,000°K. 


were Fey OS EE A AGE AR EG A nt a aS li ICONS + 


I. Introduction For states of diatomic molecules for which no 
splitting occurs due to spin or orbital interaction, 


\ table of thermodynamic functions for molec- the sum of electronic, vibrational, rotational, and 


ir oxygen based on the latest spectroscopic data vibrational-rotational interaction energies may be 
d values of physical constants was desired. represented in wave numbers by the power series 
uple adjustment of the values published by 


hnston and Walker [1, 2]' seemed inadequate W Yn ( r+5)KUK Layer | 
cause of the complexity of the changes to be ™ - 


-_ Y the spectroscopic constants. The new using the notation of Dunham. Each electronic 
Bhle is based entirely on newly computed values. state thas ite. cum ont ef To's. The cote 
R ; energy can be considered as represented by Vy 
t II. Spectroscopic Constants the vibrational by 


The spectroscopic data used by Johnston and 


> Y re 
alker have been revised to conform to the jar * ” (° T9 )» 
sults of Curry and Herzberg [3] and Schlapp [4] 
r the ground state. For the 'A, state, the con- and the sum of rotational and rotational-vibra- 
wits used are based on the recent values of tional interaction energy by 


erzberg and Herzberg [5]. Constants for the . 

state and the *S> state have been taken from aa ( v+s ) K(k 1 
be tables of Sponer [6]. For the*S* state, approx- . 
vite values of spectroscopic constants were The 
lected, using a tentative identification of the 


} 


erzberg bands [7] proposed by Swings [S]. Sev- 


» vibrational quantum number, ¢, can assume 
any integral value, and the rotational quantum 
number, A, can assume various integral values 
ai minor spectroscopic constants have been 
Nained with Dunham’s formulas [9]. The im- 


For a homonuclear molecule, such as Of, there 


are half as many rotational states as for a com- 


eory of the ground state given by Schlapp parable heteronuclear molecule. The ground 


wes a slight shift in the eaiculated value of state of O” is a °E> state with odd values of K. 
inobserved lowest level. As this is the level to 


For the ground state, spin interactions are im- 
hich all other levels are referred for purposes of portant, and triplet splitting occurs with the F; 
bermochemical calculations, numerical values are 
tered slightly for all electronic states. 


and F; components, averaging about 2 em~' lower 

than the F, component. The results of an 
adequate theoretical treatment of the splitting 

kets indicate the literature references at the end of this 2 Ss _ _ 

have been given by Schlapp, including inter- 
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actions neglected in the original treatment of 
Kramers {10}. The term values of the F,, F., and 
F, components with J=A+1, A, and A—1, 
respectively, are given by the formulas 


We, Wi + 2Ah+3)B— x 


(9K 3)°BP-+-?—2 BY + pK +1 
W.=We, 2) 

We. =W.— (2K—1)B—2-4 
[(2K—1)°B?+ 7—2\B}'—vK, 


with B=1.438 em~', Xd 
lu 0.008 em~'. Wy is given by eq 1 with con- 


1.985 em! land 


stants listed below for the *S> state. In accord 
with these equations, the lowest state is the F. 
level for A 
sponding F, level, or 
existent A=0 level. 


For the 'A, state, a double weighting due to A 


1 and is 3.96 em~' below the corre- 


1.09 em! below the non- 


doubling provides single levels for both odd and 
even values of A, with levels beginning at A=1, 
the value of A. For the 'S; state, A has even 
values, 

The states and spectroscopic constants used for 
O') are 


>; (ground state) 
Fe 786.08 em ) 1.4456 em 
 ¢ 1580.36 em ) 0.0158 em 
V's 12.073 em Ves 4.838 « 107° em 
y= 0.0546 em F vs 4.96 «107° em 
- 6.00143 em Y93 = 0.1387 & 10- em 
Ves 32.2107" em 
4, 
Vw =7132.1 em yy, = 1.4264 em 
dV, = 1509.3 em ie 0.0171 em 
Vs 12.9 em Vw 4.86 107° em 
Vw = 12409.2 em yy, = 1.4014 em 
Vo = 1432.615 em Yas 0.0188 em 
ie 13.925 em Voe 5.36 107° em 
Y co= 35,385 Ve 0.099 
Y= 791.5 ¥a=1.13 
Fon 20.83 Vi, 0.06 
Y4,—0.83 A 9107 
Vn = 49,007 ), = 0.820 
Vo 709.57 Y ws 0.014 
Vo 10.708 
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Corresponding spectroscopic constals we 
tained for lower states of the heteronuc ear (4 
and O"-O" molecules, for which bot! od, 


even rotational levels are present in each sty 


III. Method of Calculation 


The thermodynamic functions for the ideal, 
state at atmospheric pressure are obtained | 
the partition function @ by evaluating thie fo, 


WE. TdQ. 5 
RT  QdT*?2 
(F°— E°) 


~~ pr InQ@+ 


» 
” 
») 


In V+ “In T—3.6644 : 


G TP? PQ TrdQ ; i 
RQ dT LQaT {72 


where 7 is temperature in degrees K; M 
molecular weight on the chemical seal 


for OF, 32.9955 for O*-O", and 33.995) 
O"-O"; and QY, the partition function, o1 
sum, is given by pe~**", where p=2J 

e=heW. The contributions of the diff 


electronic states are included by evalu 
Q=Qi+Q@+Q4 
(2), is for the *S 
the 'S? 
In evaluating the Q’s, or values 
> (24+ 1)e-*"'*7, the 
arated from the rest of the energy W, an 
sum over rotation levels is expressed in terts 


. and its derivatives 
state, Y for the 'A, state, 


t 


state, ete. 


rotational energy ts - 


an integral. In this way it is found tha! 
functions QY, and their derivatives are giv: 
the formulas 

Q; g> fe 


a de rw wa 
T= gD 2+ Dfre] 
an Ot “rrrseer yy 
r QT Sf e-7 + ZOOTS xe 
25) fre + > fr'e* 


where « is GAc/kT, with G, representing th 
of electronic and purely vibrational ener! 


' and where the summation extends 0) 


em 
vibrational levels up to dissociation. (, 5 


that part of the total energy that is comp 
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Jie 
YO 


Np 








Wer 


I 
I 


O's 


parch 





f the rotational quantum number, 


g is an average weight factor in addition to the 


Je pe 
Pr V factor 2J+1 typical for the rotational levels of a 
1\: simple rotating vibrator. For each electronic 
2) o( r+;) state, the quantity /, and its temperature deriva- 
tives, f’ and f’’, are functions of T and ¢ obtained 
r ent expressed as a polynomial in -. from 
1B, 1, 71 +P 2D 4 T° 1218—6B,F, , T*120B,D.F,—24B:H,—120D 
7 ry - , r. - 
) 15 T*3'«B,' @ BJT B To B ; 
(S) 
th « k, as in the derivation given in refer- In using the above expressions, the vibrational 
Convergence difficulties discussed in energy, G,, 1s ordinarily to be evaluated with 
11 paper for the hydrogens do not occur for respect to the lowest level of the ground state. 
) molecules as O,. The spectrosopic constants The partition function for the ground state, in- 
Dp. F., and H,, are given by SOY ,,(e+1/2)/, cluding the effect of triplet splitting, as detailed 
1] . 
in eq. 2, may be represented as 
tht taking the values 1, 2,3, and 4, respectively. —" aaa atti waite 
het 
Si! ( ag ae ar > 2h+ 1) - 
K=l,3.. 
) Q 
fn ; } 2 
l he l he’ 
yy p 4 L 7 >») all, , . 
p » / ) 2h 1 9 iT) nN moe 1 (cr (A mei J 
5 © gel he ; 
aii? > phe 1+ ppans+2u 2B | 
l he > l he 
1 () 3 9 \2 an () > 2)3 
| 145 (ep) O—3ul2— yy (Ep) A—3H!2)° - “ 


represents the partition function that would be 
tained for the ground state if the triplet splitting 
re negligibly small, and energies were reckoned 
mAk=0. f, 
¢ only significant contribution above very low 


is a small correction term to which 


uperatures comes from the A= 1 levels: 
I AF N u—2B 
: KT t2-281 1.963 1.48 10 
T Pr 

Equation 9 shows that the effect of the triplet 
litting is most readily included for ordinary and 
vated temperatures by introducing a= small 
ditive correction 44/3 + 2u4—2B, or —0.244 em 
the vibrational energy formula for the ground 
hte and introducing small correction terms in 
* lormula for f to take account of its trends 
‘ard lower temperatures. 
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Evaluation of the expressions as far as appears 
justified with the present data gives the following 
for the various states for O'. 


>>> state, g = 
G 0.244 +- 1568.33¢— 11.993? 
0.05177°—0.00143¢" 
f 1.232 , 1.8902 , 1 
T° Pil id 
(0.483562 + 0.0053 117) T+ (1.5746-10™ 
0.0535-10~*v) T? + 14.89-107- "7% + 267-107" 7". 
‘A, state, g=1 
G,=7883.5+ 1496.4¢0— 12.97" 
f 1s (0.49033 +-(0).00599r) T7+-1.709-10°°7? (11) 
» 
_— l 
pr ant. State, J=5 
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G,= 13122 + 1418.69¢— 13.925r° 
= = - 
f=.,+ (0.49944 + 0.006837r) T+ 1.921-10-°7? 
oo 
» 3 
eb. state, g = 
G 35776 +-771.27— 19.7477 + 0.637 —0.099r* 
l 


f=. +0.632T (1—0.0545r) +6 10°°T? 


| a 


y de state, g 


G $9359 — 69S. .S6r— 10.7087" 


— 
jJ=s57T 
» 


O.855 


0.01450) 7 


R and he/k 1.98714 
1.4384 deg em, 


values used for were 


The 
(defined) cal deg™'mole~' and 
respectively 

For all electronic states treated, each summa- 
tion over rotational levels for a given vibrational 
level was broken off at the top of the predissocia- 
tion region applying to the vibrational level, by 
using a suitable upper limit in the integration 
This complicating re- 


given in reference [11]. 


striction, which treatment, is 
significant only at the highest temperatures. 


The contributions of the several electronic states 


requires special 


to the partition function and its derivatives for 
O' are listed in tables 1, 2, and 3. 
may facilitate any future revision of thermody- 


These values 


namie functions for oxygen if new spectroscopic 
It is thought that in 


have 


data make it desirable. 


general these sums and their derivatives 
been carried to more digits than correspond to the 
accuracy of the spectroscopic data. This is par- 
ticularly the case for the 'A, state for which the 
anharmonicity constant has not been determined 
The 
contributions that would be 


experimentally. values given in brackets 
are the additional 
obtained if the rotational sums were extended to 
infinite energy as has been customary instead 
of limiting them to the region of quantized levels. 
These additional contributions are given to more 
decimal places than were used for the entire sums 
because of possible theoretical interest in their 
magnitudes. The 


satisfactory calculation of the state sums for the 


information necessary for a 
vibrational states near the dissociation limit is not 
available. An analysis of the problem has been 
started in connection with this paper and previous 
work [11] and may be completed in a future 


publication. 
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TABLE 1. Values of 0 for 0 
=, A, z=; z bs 
re mperature 
id Q Q Q y 
Kk 
100 73. 344 
" 
200 145. 931 
300) 218. 705 re 
tL 202. 374 
600 447. OSI 
aon 620. 90 0.00 
1,000 R16. 0% ol : 
1,250) 1097. 27 09 
1.500 1418. 91 51 0.00 
1.75) 1783. 03 1 ol 
2.000 2190. 46 5. 26 O68 
2,500) 3138. 02 23. 52 61 
3.000 1206. O1 68. 37 > O8 aL 
000 7086. 4 203.7 23. 97 ‘4 
Uy 
[.02 [.01 [.004 [.024 
aL 1onuo. 4 784.8 5 ri 
17 [.247 12 I 
TABLE 2 Values of TdOQ/dT for O 


emperature 


TQ TQ TQ rq 
K 
loo 72. 551 
a0) 145. 272 
uw 219. OOS 
eo 208. 152 
nn SU OHH 0.000 
SLL 736. 328 O05 
1.000 1041.3 Os 
1.250 1503. 77 ] 0.00 
1,500 2056. 30 4.62 02 
1.7% 2609. 54 15. 22 7 
2.000 4434. 68 8. 16 71 I 
2,500 5186. 33 146. 06 tt 
ALLO 7324. 20 377. 2 23.81 0.1 
|. oo2 [.001 
4.000 12819. 6 1370.2 157. ¢ f 
{.14 7 [4 
on 2050.9 3207.1 4.2 5.5 
( 2 16 8 


The calculations which have been des 


were for O,"°. Thermodynamic functions 
dinary oxygen may be obtained from ¢! 
O,"* by making small adjustments in 
Im the naturally occurring mixture of isotop 
gen, 99.526 percent of the molecules a 
0.394 percent are O'-O*, and 0.080 perc 
O"-O"”, according to the isotope data gi\ 
Birge [12]. 
[13] were used in caleulating the mini 
functions < 


the 







The tables of Gordon and 5 


in the thermodynamic 
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otopie molecules and for some other 
lation for which the tables were advantage- 
Tl ntribution to S° and to -(F°-&,)/T 
resence of both odd and even rota- 





to 
nal in OF-O" and O'-O" amounts to 
. . rT 
(5 « eg’ mole~! in the final table. The 
rop\ mixing of isotopes, amounting to 
677 ¢' mole~', was not included. Simi- 
ly. no entropy of nuclear spin has been included. 
e quantities that were added to the thermo- 
amie funetions for O,'° to obtain values for 
. jsotope mixture are given in table 4. 
E 3 Values of TT? Q dT? jor oe 
: Ae 7: zt x Potal 
TQ T?Q; r@;) | (MQ, r?2Q. T?Q') 
10s 0. 108 
ti) 4) 
523 7. 523 
439 0.000 35. 539 
lt4. G69 ool 164. 970 
67. 677 061 367. 738 
628. 33 | 0.00 629. 24 
1033. 40 7.85 03 1041. 28 
530, 12 3. 43 x”) 1563. S5 
2123.25 95. 28 1.75 222). 23 
2817.34 201. 16 6.54 3035. 04 
25 4 662. 84 42. 32 0.0 5231. 12 
WUL SS 1469. 47 150. 44 1 0.0 8311.39 
; |. 02 [. 01 [.1 
2544.2 4278.8 772.6 7.6 2 17603. 4 
£0) [21 (1.1 (5.6 
Awe? 3 8769.0 2174.1 43.3 5.2 31693.9 
72.5] [37.4 [18.9 [104.5 
BLE4. Lnerements to functions for Oo" to obtain functions 


the naturally occurring isotope mixture 





Yi i’ —!} I I 7 
te cal deg cal deg 

vole al mole mole mole 
0.0138 0. OO770 0. OOTR3 
J O18 OOTS2 
0. 00005 O15 OO7S4 
oooll 23 OOTSO OOT7S6H 
OOOLT O53 OOTSS OOTY2 
Ooo TE ae OOTSS OO7TU8 
OOS 12 OOTSS Oosoo 
wile 14 ooTuO HOSO] 
OOOOT it OO7TY2 OOS02 
Ooo Is ooyu4 OOSO4 
O0005 v1) OOTUS O0S05 
OOS » OOoTUT OOS806 
anon pA} oo7Tw OOSOT 
Oo002 2 OOSO! OOSO7 
Oooo] m) OOSU2 OOSO7 


hermodynamic Functions for O, 





TABLE 5. 
mixture of molecular orygen in the standard ideal gas state 


Thermodynamic functions for the natural isolopic 


at 20-degree intervals up to 700 K 





T Cc, i F (} E,)/T S 

cal deg cal aeg cal deg 

mole cal mole mole mole 

» 6. ON4 136. 39 23. 373 1). 193 

") 6.004 275. &1 2. 130 35. O25 

“ma 6. O80 415.08 1. 930 7. Sos 

st) 6. GSS ‘4. 20 $2. 922 38S 

loo 6. YAS 693. 36 4. 400 41.42 
120 6. 95S &32. 52 5. 733 42. 671 
140 6. GSS “71. 67 i. SOS 45.743 
160 6. O58 1110. 85 7. 730 44.672 
Iso 6.959 1250.0 ts. 547 45. 492 
AM) 6. 961 RO. 2 4. 279 46, 22 
2) 6. GOr 152s wy. 41 4), ASU 
240 6.474 ny. ¥ wet 4 40. 
an) 6. Ose IsO7. 4 41. 102 48.054 
ws) oo 1647 1 618 ™ 2 
wi) 7.023 JST ¢ 42. U7 19.0585 
v1) O50 $2. 547 49. 510 
“ O80 6 42 WHY 14. U3s 

wi) 7. 115 2511.5 43. 368 W344 
iN 14 4. 2 3.74 0). 730 
100) 7. 196 2797.7 4.104 51. 008 
Pl) 7. 240 2442. 1 44.445 51.450 
40 7. 286 WAT. 3 44.771 51. 788 
wo M4 2 45. OSS 2. 11 
ist) 7. 382 S380. 7 45. 383 52. 426 
OO 7. 431 S528. 8 45. 671 52, 728 
520 7. 480 HTS. 0 45. O48 53. 021 
40 7. 429 jA2s. 0 5). 215 53. 304 
wi) 7.577 3979. 1 46.473 MS. 579 
aS) 7. 624 4131.1 1. 723 53. 845 
on 7.670 4284. 1 4 54. 105 
620 7.71 4437.9 47. 199 MM. 357 
40 7.759 4502. 7 47. 426) 4. 602 
wn 7. 802 4748.3 47. 648 4. S42 
find) 7. 843 447 47. 803 5S. 07 
Too 7. S85 WH 0 $8. 072 1. 


Calculated with P= 1.98714 cal deg-! mol 


Values of the thermodynamic functions were 
manner described for every 
20 degrees up to 200° and for temperatures 
300°, 400°, 600°, 800°, 1,000°, 1,250°, 1,500 
1,750°, 2,000°, 2,500°, 3,000°, 4,000°, and 5,000 


computed in the 


K. Intermediate values were interpolated for 
Cp 
100 degrees throughout the 


at every 20 degrees up to 700° K and at every 
remainder of the 
Using tabular in- 
ky) /T 


( rood agree- 


temperature range covered. 
tegration, tables of H°—#o, S° and —(F 
were built up from the ©, table. 
ment was obtained with the directly computed 
values at all the above reference temperatures. 

intervals 
100-degree 


The results are given at 20-degree 


up to 700° K in table 5 and at 


167 















intervals up to 5,000° K in table 6 for the naturally TABLE 6 Thermodynamic functions for the 


occurring mixture of oxygen isotones mixture of molecular oxygen in the standard dea 























at 100-degree intervals up to 5,000° K—Cor tinny 
TABLE 6 Thermodynamic functions for the natural isotopic 
mixture of molecular oxygen in the standard ideal gas state T Ce H°— Ey F°—E,)/7 . 
at 100-degree intervals up to 5,000° K 
cal deg cal deg 
K mole cal mole mole 
7 ( il I (Ff E,)/T S 4, 100 9. O61 270 62. 183 
12) ¥. OSS 3727 62. 306 D 
cal deg cal deg cal deg 4, 300 10. O15 {S207 62. 605 
A nole mole mole 4, 400 10. 039 39270 627 S10 
100 6. 958 34. 469 41. 402 4, 500 10. 062 275 63. 011 , 
a 6. O61 $30. 279 #6. 225 
we 7. 023 42. 007 $4. O56) ow 10. O¢4 4) 282 63. 208 
40 7. 196 44.104 51. 098 4, 700 10. 104 42202 63. 401 2 34 
uM) 7. 431 45. 671 52. 728 4, 800) 10. 123 $3303 63. 591 
1, 900) 10. 140 44316 63. 777 2&2 
ooo 7. ave i284. 1 it) “U4 4. 105 5 000 10, 156 $5331 63. 060) : aa 
Too 7. Sa3 yw2.0 18. 072 55. 308 
iM) so 5a. 40.044 5. 308 
salad S212 WwiTS. 7 19. 912 7. 327 Calculated with R=1.98714 cal deg -' mol 
ooo s ie 71. 2 ub OUT Ss. 100 
1, 100 S 430 ao340. 1 51. 416 Sa GOS 
co | aur tome goon mie IV. References 
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Mm s SOA 4 Tw 2 
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